
CHAPTER IV
EFFECT OF M OLECULAR STRUCTURE ON DIELECTRIC PROPERTIES

OF POLYBENZOXAZINE

4.1 A b str a c t

The effect of molecular structure of polybenzoxazine on dielectric properties 
was studied. In this work, aniline based (BA-a) and fluorinate based (BA-f) 
benzoxazine monomer were synthesized by solventless method, and their structures 
were confirmed by FTIR, 'h  NMR and l9F NMR. The curing temperatures of the 
monomers were investigated by DSC thermograms. Dielectric properties of the 
polymers were measured by Hewlett-Packard 4194A Impedance/Gain-Phase 
Analyzer as functions of frequency and temperature. It was showed that the dielectric 
constants of the polymers were nearly stable with frequency range of 1 kHz-10 MHz. 
At temperature around 25-160°C the dielectric properties of the polymers were stable 
upto the temperature of 160°C. At higher temperature, the dielectric constant and 
dielectric loss increased significantly because the segmental mobility of the polymers 
was improved. It also found that, dielectric constant of fluorinate based 
polybenzoxazine was lower than the aniline based polybenzoxazine due to small 
dipole and low polarizability of C —F bond comparing with C-H bond.

K ey w o rd s: Aniline based polybenzoxazine, Fluorinate based polybenzoxazine, 
Dielectric constant, Dielectric loss.

4 .2  In tr o d u c tio n

Polybenzoxazines are a new class of thermosetting phenolic resins. They 
have been developed to overcome several short comings of conventional phenolic 
resins by combining the thermal stability of phenolics and the mechanical 
performance and molecular design flexibility of advance epoxy systems. Thus 
polybenzoxazines are more interested as alternative materials applied in many fields 
such as the electronics and aerospace industries to the traditional phenolic, epoxy and 
polyimide resins in the recent year. Polybenzoxazines provide characteristics found in
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the conventional phenolic resins such as high heat resistance and flame retardant 
properties. They also provide characteristics that are not found in the traditional ones 
such as excellent dimensional stability, low water absorption, high glass transition 
temperature, excellent electrical properties, wide molecular design flexibility and no 
need to use strong acids as catalysts and no releasing condensation by-products during 
for polymerization reaction [ 1 ].

A series of polybenzoxazines is obtained by the ring-opening polymerization 
of cyclic benzoxazine monomers at high temperatures in the absence of a catalyst and 
without generating any by-products. Benzoxazine monomers are heterocyclic 
compounds that were first synthesized by Holly and Cope through the Mannich 
condensation of a phenol with formaldehyde and amine (aliphatic or aromatic) as 
starting materials [2], Various types of benzoxazine monomer can be synthesized by 
using various phenols and amines with different substitution groups attached. The 
synthesis of benzoxazine monomers can be done either by employing solution or 
solventless methods [3]. In the case of the solution method, the use of an organic 
solvent also increases the cost of the products and causes environmental problems. 
Furthermore, the solvent residue in the precursors also leads to problems during 
processing of the benzoxazine resins. To overcome these shortcomings, a solventless 
synthesis in the melt state was developed. In a typical synthesis, the reactants are 
physically mixed together, heated to their melting temperature, and then maintained at' 
a temperature sufficient to complete the interaction of the reactants to produce the 
desired benzoxazine. The main advantages of the solventless synthetic method are 
improvement of reaction times compared with the traditional synthetic route and 
formation of fewer unwanted intermediates and by-products [4],

Because there are several choices of phenols and amines for the synthesis of 
benzoxazine monomers. Hence, polybenzoxazines can be addressed in many fields, 
including in electronics applications. In order to address these applications, dielectric 
properties (such as dielectric constant or permittivity and dielectric loss) of the 
materials should be mainly concerned. So, the effect of different substitution groups 
of benzoxazine monomers on dielectric properties was studied in this research.
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4.3 Experimental

4.3.1 Aniline Based Benzoxazine Monomer Preparation
The synthesis of aniline based benzoxazine monomer is based on the 

reaction of bisphenol A, paraformaldehyde, and aniline at the molar ratio of 1:4:2 
respectively, as shown in Figure 4.1. For this experiment, the monomer was prepared 
from solventless method; the starting materials were mixed together without solvent 
at temperature of 100°c for 30 min. Then the product with high yellow viscous liquid 
was obtained. This viscous product was dissolved in chloroform and washed 
sequentially with 0.1 N NaOH and water for three times to eliminate any unreacted 
formaldehyde and dried over Na2SC>4. The chloroform was then removed with a 
rotary evaporator and the solid products were washed by cool methyl alcohol at least 
tree times to obtain white powder benzoxazine monomer.

Figure 4.1 Synthesis reaction of benzoxazine monomer based on bisphenol A, 
aniline and paraformaldehyde.
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4.3.2 Fluorinate Based Benzoxazine Monomer Preparation
The fluorinate based benzoxazine monomer was prepared by the

reaction of hexafluorobisphenol A, paraformaldehyde, and aniline at a molar ratio of 
1:4:2, respectively, as shown in Figure 4.2, with the same procedure as aniline based 
monomer.

Figure 4.2 Synthesis reaction of benzoxazine monomer based on hexafluoro
bisphenol A, aniline and paraformaldehyde.

4.3.3 Characterizations
The chemical structure of aniline based and fluorinate based 

benzoxazine monomers were confirmed by Proton and Fluorine Nuclear Magnetic 
Resonance Spectrometer ( 'h  NMR and 19F NMR). The 'h  NMR spectra were 
recorded on Bruker Avance DPS-400. The solvent used in these techniques was 
deuterated chloroform. Functional groups of the benzoxazine monomers were 
measured by a fourier transformation infrared spectrophotometer (NEXUS 670 
FTIR). All spectra were recorded with absorbance mode in the wave number range of 
4000-400 cm'1 and 32 scans per resolution. Differential scanning calorimeter 7, DSC 
7 (Perkin Elmer) was performed to measure curing temperature of the benzoxazine 
monomers. The samples were heated from 30-300๐ c  at a heating rate of 10°c/min 
under N2 purge.

Hewlett- Packard 4194A Impedance/Gain-Phase Analyzer in parallel capacitance (Cp) 
mode as function of frequency (1 kHz-10 MHz) and temperature (25°C-200°C). The

4 H C H O Fluorinate based benzoxazine monomer

Dielectric measurement of polybenzoxazines was preformed with
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dielectric constant (£•) of the composites was calculated from the measured thickness 
and capacitance by using the following equation:

_ Cd
8 = M

where c  is the capacitance (F), So is the free space dielectric constant value (8.85x1 O'12 
F/m), A is the capacitor area (m2), and d  is the thickness of specimen (m).

4.4 Results and Discussion

4.4.1 Benzoxazine Monomers and Polymers Characterization
The functional groups of BA-a monomer and BA-f monomer 

synthesized fro solventless method were investigated by FT1R Spectrometer and the 
FTIR spectra as shown in Figure 4.3 and 4.4, respectively. The tri-substituted benzene 
ring mode in the oxazine ring structure is observed at 1496 cm'1 for BA-a monomer 
and at 1499 cm'1 for BÀ-f monomer. The bands around 1240-1020 cm'1 and 830-740 
cm'1 attributes to the antisymmetric and symmetric C-N-C stretching modes, 
respectively. The antisymmetric C-O-C stretching mode can be found in the region of 
1240-1210 cm'1, while the symmetric mode appears at 1040-1020 cm'1. In addition, 
the characteristic modes of benzene with an attached oxazine ring are appeared at 
940-920 cm'1 [6]. However the BA-f monomer shows the C-F characteristic 
absorption bands between 1200 and 1100 cm'1. From FTIR spectra of BA-a monomer 
and BA-f monomer, the absence of the bands between 3600 and 3200 cm'1, which is 
the characteristic peaks of intermolecular hydrogen bonded group, can ensure the 
purification of the synthesized monomers [7],
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Wavenumber (cm'l)
Figure 4 .3  F T IR  sp ec tra  o f  th e  a n i lin e  b a sed  b e n z o x a z in e  (B A -a )  m o n o m e r .

Wavenumber (cm *)
Figure 4.4 FTIR spectra of the fluorinate based benzoxazine (BA-f) monomer.
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T h e c h e m ic a l stru ctu re o f  th e  m o n o m e r s  can  b e  a ls o  c o n fir m e d  b y  
N M R  sp ec tra  and  th e ' h  N M R  sp ec tra  o f  B A -a  m o n o m e r  and  B A - f  m o n o m e r  are 
sh o w n  in  f ig u r e  4 .5  an d  4 .6 ,  r e s p e c t iv e ly . F o r  B A -a  m o n o m e r , th e  ch a ra c ter is tic  p eak  
a ss ig n a b le  to  m e th y l p ro to n  o f  b isp h e n o l A  ( -C H 3) w a s  o b s e r v e d  at 1 .6  p p m . T h e  
m e th y le n e  (O -C H 2 -N )  an d  m e th y le n e  (A r -C F B -N ) o f  o x a z in e  r in g  sh o w e d  p e a k s  at
5 .3 5  and 4 .6 ,  r e s p e c t iv e ly . A n d  th e  a ro m a tic  p ro ton  s h o w e d  m u lt ip le ts  arou n d  6 .7 -7 .3  
p p m . W h ile  th e  B A - f  m o n o m e r  d isp la y e d  p ea k s  at 5 .4 , 4 .6  and  6 .8 -7 .3  pp m  fo r  O -  
C H 2 -N , A r -C F B -N  and  aro m a tic  p ro to n , r e s p e c t iv e ly  [ 6 ]. F rom  th e  l9F N M R  sp ectra  
o f  B A - f  m o n o m e r  s h o w n  in  F ig u re  4 .7 ,  th e  sp ectru m  o f  C -C F 3 at - 6 4 .9  to  -6 5 .0 5  pp m  
w a s  o b se r v e d . T h is  s l ig h t  c h e m ic a l sh if t  (w ith in  1 p p m ) in d ic a te s  that th e  stru ctu re o f  
th e  flu o r in a te  b e n z o x a z in e  r in g  w a s  fo r m e d  [8 ]. F rom  ' h  N M R  sp ectra  o f  b o th  B A -a  
m o n o m e r  an d  B A - f  m o n o m e r  th ere  w e r e  n o  p ea k s  ap p ea red  at arou n d  3 .1 0  and  3 .6 0  
p p m , a s s ig n a b le  to  th e  m e th y le n e  g ro u p s  from  th e o l ig o m e r s  p ro d u c e d  b y  o p e n in g  
stru ctu res o f  o x a z in e  r in g  w h ic h  c o n f ir m e d  th e  p u rity  o f  th e  m o n o m e r  [9 ].

b a

Figure 4.5 'h  NMR spectra of the aniline based benzoxazine (BA-a) monomer.
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c

Figure 4 .6  'h  N M R  sp ectra  o f  th e  f lu o r in a té  b a se d  b e n z o x a z in e  ( B A - f )  m o n o m e r .

Figure 4.7 l9F NMR spectra o f the fluorinate based benzoxazine (BA-f) monomer.
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T h e D S C  th erm o g ra m  o f  th e  b e n z o x a z in e s  p o ly m e r iz a t io n  r e a c tio n  is  sh o w n  
in F ig u re  4 .8 . F or  B A -a  m o n o m e r , th e  e x o th e r m  o n se t  and  th e  p e a k  m a x im u m  w ere  
o b se r v e d  at 221.44°c an d  2 4 0 .8 3 ° c ,  r e s p e c t iv e ly . T h is  re su lt  in d ic a te s  that th e  ring  
o p e n in g  p o ly m e r iz a t io n  r e a c tio n  o f  B A -a  m o n o m e r  is  in it ia te d  b y  h ea t at tem p era tu re  
o f  221.44°c. In th e  c a s e  o f  B A - f  m o n o m e r , th ere  is  an  a p p ea ra n ce  o f  m e lt in g  
en d o th erm  p eak  at 1 8 6 .8 3 ° c  w h ic h  c lo s e  to  th e  e x o th e r m  p ea k  at 2 2 3 .8 3 ° c  (cu r in g  
tem p era tu re) w h ic h  in d ic a te s  that th e  m o n o m e r  starts to  p o ly m e r iz e  an d  c r o ss lin k  
im m e d ia te ly  a fter  m e lte d .

Figure 4 .8  D iffe r e n tia l s c a n n in g  c a lo r im e tr y  ( D S C )  th erm o g ra m  o f  B A -a  an d  B A - f
m o n o m e r .
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4 .4 .2  D ie le c tr ic  P ro p er tie s  o f  P o ly b e n z o x a z in e

4 . 4 . 2 . 1  F r e q u e n c y  D e p e n d e n c e

F ig u re  4 .1 0  s h o w s  th e  d e p e n d e n c e  o f  d ie le c tr ic  c o n s ta n t  o f  
p o ly m e r s  o n  fr e q u e n c y  ran g e  1 k H z - 10 M H z . It w a s  o b se r v e d  that th e  d ie le c tr ic  
co n sta n t o f  th e  P B A -a  an d  P B A - f  s lig h t ly  d e c r e a se d  w ith  in c r e a s in g  fr e q u e n c y  w h ile  
th e  d ie le c tr ic  lo s s  o f  th e  p o ly m e r s  sh o w e d  n o  s ig n if ic a n t  d if fe r e n c e  at v a r io u s  
fr e q u e n c ie s , as sh o w n  in  F ig u re  4 .1 1 .  T h e  s lig h t ly  d e c r e a se  o f  d ie le c tr ic  c o n s ta n t  w a s  
o ccu rred  b y  the d e c r e a s in g  in  d ip o la r  p o la r iz a tio n  in  th e  p o ly m e r s . W h e n  the  
fr e q u e n c y  o f  a p p lied  e le c tr ic  f ie ld  w a s  a b o v e  th e  re la x a tio n  fr e q u e n c y  o f  th e  d ip o lar  
p o la r iz a tio n  m e c h a n ism , th e  co n tr ib u tio n  from  th is  m e c h a n ism  w a s  d r a m a tic a lly  
red u c e d  b e c a u se  th is  p o la r iz a tio n  w a s  to o  s lo w  to  c o m p le te ly  f o l lo w  the o s c i l la t io n  o f  
th e  a p p lied  e le c tr ic  f ie ld  [ 1 0 ].

4 . 4 . 2 . 2  T e m p e r a t u r e  D e p e n d e n c e

T h e  d ie le c tr ic  co n sta n t and  d ie le c tr ic  lo s s  o f  th e  p o ly m e r s  w er e  
m ea su r e d  a s  a fu n c t io n  o f  tem p era tu re  v a r y in g  fro m  25°C-200°C at 1 M H z  an d  the  
r e su lts  are s h o w n  in  F ig u r e  4.12 an d  4 .1 3 , r e s p e c t iv e ly . F rom  th e d ie le c tr ic  co n sta n t  
o f  p o ly m e r s  at v a r io u s  tem p era tu res  sh o w n  in  F ig u r e  4.12, it w a s  fo u n d  that th e  
d ie le c tr ic  co n sta n ts  o f  th e  p o ly m e r s  w e r e  s ta b le  at tem p era tu re  ran g e  25-160°C, 
h o w e v e r , th e  d ie le c tr ic  c o n s ta n ts  s ig n if ic a n tly  in c r e a se d  at th e  tem p era tu re  a b o v e  
160°c. T h is  resu lt c a n  b e  e x p la in e d  that th e  se g m e n ta l m o b ility  o f  p o ly m e r s  w a s  
im p r o v e d  at h ig h  tem p era tu re  th e n  th e  d ip o le  o r ien ta tio n  p o la r iz a tio n  w a s  th e  
d o m in a n t m o d e  o f  p o la r iz a tio n  r e su lt in g  in  in c r e a s in g  o f  p e r m ittiv ity  or d ie le c tr ic  
c o n sta n t o f  th e  p o ly m e r s  [1 1 ] , F o r  th e  d ie le c tr ic  lo s s  o f  p o ly m e r s , it a lso  h a d  a s im ila r  
b e h a v io r  a s  sh o w n  in  F ig u re  4 .1 3 .  A t h ig h  tem p era tu re , th e  d ip o le  o r ie n ta tio n  
p o la r iz a tio n  w a s  th e  d o m in a n t m o d e . T h is  ty p e  o f  th e  p o la r iz a tio n  m o d e  is  a re la tiv e  
s lo w  p r o c e s s  in  c o m p a r iso n  w ith  e le c tr o n ic  and  a to m ic  p o la r iz a tio n  w h ic h  is  m ore  
s ig n if ic a n t  m o d e  in  th e  s o l id  sta te  o f  p o ly m e r s  at ro o m  tem p era tu re . W h en  th e  e le c tr ic  
f ie ld  w a s  a p p lied , th e  o r ie n ta tio n  d ip o le s  in e v ita b ly  la g g e d  b e h in d  th e  a p p lie d  f ie ld ,  
g iv in g  r ise  to  e n e r g y  d is s ip a t io n  s o  th is  p h e n o m e n o n  m a y  g iv e  r ise  to  th e  d ie le c tr ic  
lo s s  o f  th e  p o ly m e r s  [5],
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4 . 4 . 2 . 3  E f f e c t  o f  P o l y m e r  S t r u c t u r e

F rom  F ig u re  4 .1 0 ,  it can  b e  s e e n  that th e  d ie le c tr ic  c o n sta n t o f  
P B A -a  ( 4 .9 4  at 1 k H z )  w a s  grea ter  th a n  P B A - f  ( 4 .5 4  at 1 k H z ) . T h is  re su lt  im p lie s  
that th e  in c o r p o r a tio n  o f  flu o r in a ted  su b stitu te s  in to  p o ly m e r  stru ctu re is  a b le  to  lo w e r  
its  d ie le c tr ic  c o n sta n t. T h ere  are three m a in  rea so n s: (a ) S u b st itu tio n  o f  h y d r o g e n  w ith  
- C F 3 g r o u p  d e c r e a se s  th e  e le c tr o n ic  p o la r iz a b ility  d u e  to  th e  lo w e r  p o la r iz a b ility  o f  

C — F b o n d  co m p a red  w ith  that o f  th e  C -H  b on d , (b )  T h e  lo w e r  p o la r iz a b ility  o f  C -F  

b on d  c a n  in d u c e  th e  h y d r o p h o b ic ity  o f  p o ly m e r . S in c e  th e  m o is tu r e  h a s  the v e r y  h ig h  
d ie le c tr ic  co n sta n t so  it s tr o n g ly  a f fe c ts  th e  d ie le c tr ic  co n sta n t o f  th e  p o ly m e r , ( c )  T h e  
b u lk y  -C F 3 grou p  is  a b le  to  red u ce  e f f ic ie n t  m o le c u la r  p a c k in g  an d  in c r e a se  th e  free  
v o lu m e  th u s  m ore  air can  b e  trapped  in  th e  p o ly m e r  c h a in  r e su lt in g  in  lo w e r  d ie le c tr ic  
c o n sta n t d u e  to  th e  lo w  d ie le c tr ic  c o n sta n t v a lu e  o f  th e  air [5 ] ,

C o n s id e r in g  fro m  th e p r e v io u s  rese a r c h  o f  P a n o m su w a n  G .
[ 1 2 ], th e  d ie le c tr ic  p ro p er tie s  o f  d ia m in e  b a sed  p o ly b e n z o x a z in e  w a s  s tu d ie d  an d  th e  
d ie le c tr ic  co n sta n t w a s  rep orted  as 3 .8 1  at 1 k H z  (w h ile  P B A -a  and  P B A - f  g a v e  4 .9 4  
and 4 .5 4 ,  r e s p e c t iv e ly . T h e  lo w e r  in  d ie le c tr ic  co n sta n t o f  th e  d ia m in e  b a se d  
p o ly b e n z o x a z in e  th an  th e o th ers is  d u e  to  th e  lo w e r  n u m b er  o f  aro m a tic  r in g s ,  
c o n se q u e n t  in  lo w e r  c o n ju g a te d  d o u b le  b o n d s. B e c a u s e  th e  p o ly m e r  w h ic h  c o n ta in s  
m o re  c = c  b o n d s , is  e x p e c te d  to  h a v e  h ig h e r  r e la tiv e  p e r m itt iv ity  or  d ie le c tr ic  
co n sta n t, s in c e  th e  b o n d  p o la r iz a b ility  o f  c= c  b o n d s  is  m u c h  h ig h e r  th an  th o se  o f  C -  
H  b o n d s an d  C -C  b o n d s .

Figure 4.9 T h e stru ctu re o f  (a ) a n ilin e  b a sed  b e n z o x a z in e  m o n o m e r , (b )  f lu o r in a te  
b ased  b e n z o x a iz n e  m o n o m e r , and  (c )  d ia m in e  b a sed  b e n z o x z a z in e  m o n o m e r .
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Figure 4.10 T h e  d ie le c tr ic  co n sta n t o f  a n ilin e  b a se d  an d  f lu o r in a te  b a se d  p o ly m e r  as  
a fu n c t io n  o f  fr e q u e n c y .

Figure 4.11 The dielectric loss of aniline based and fluorinate based polymer as a
function of frequency.
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Figure 4.12 T h e d ie le c tr ic  c o n sta n t o f  a n ilin e  b a se d  an d  f lu o r in a te  b a se d  p o ly m e r  as 
a fu n c tio n  o f  tem p era tu re .

Figure 4.13 T h e  d ie le c tr ic  lo s s  o f  a n ilin e  b a se d  and  f lu o r in a te  b a se d  p o ly m e r  a s  a 
fu n c t io n  o f  tem p era tu re .
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4.5 Conclusions

T h e  d ie le c tr ic  c o n sta n t o f  P B A -a  and P B A - f  w e r e  4 .9 4  and 4 .5 4  at 1 k H z , 
r e s p e c t iv e ly . H o w e v e r  the d ie le c tr ic  co n sta n ts  o f  th e  p o ly m e r s  s h o w e d  n e a r ly  s ta b le  
w ith  th e  fr e q u e n c y  ra n g e  1 k H z -1 0 M H z . T h e p o s it iv e  tem p era tu re  c o e f f ic ie n t  (P T C )  
o f  d ie le c tr ic  p ro p er tie s  w a s  n e a r ly  z e r o  in  th e  tem p era tu re  ra n g e  o f  2 5 - 1 60°c, w h ic h  
in d ic a te d  th e  lo w  r e la x a tio n  b e h a v io r . H o w e v e r , the d ie le c tr ic  p r o p er tie s  o f  the  
p o ly m e r s  s ig n if ic a n tly  in c r e a se d  at h ig h  tem p era tu re, it is  b e c a u se  th e  se g m e n ta l 
m o b ility  o f  p o ly m e r s  w a s  im p r o v e d . T h e  stru ctu re o f  p o ly m e r s  is a n o th er  fa c to r  to  
e f fe c t  o n  th e  d ie le c tr ic  p ro p er tie s . It w a s  fou n d  that th e  in co rp o ra tio n  o f  flu o r in a ted  
su b st itu te s  in to  p o ly b e n z o x a z in e  w a s  a b le  to  red u ce  d ie le c tr ic  co n sta n t an d  d ie le c tr ic  
lo s s  b e c a u s e  o f  s m a ll d ip o le  an d  th e lo w  p o la r iz a b ility  o f  C  — F b on d  c o m p a r e d  w ith  

that o f  th e  C -H  b o n d . H o w e v e r , th e  flu o r in a ted  su b stitu tio n  d o e s  n o t e f fe c t  o n  the  
d ie le c tr ic  co n sta n t a s  h ig h  as th e  in co rp o ra tio n  o f  aro m a tic  r in g s  or c o n ju g a te d  b o n d s  
d u e  to  th e  m u ch  h ig h e r  p o la r iz a b ility  o f  th e  c= c  b o n d s  c o m p a r in g  w ith  C -H  b o n d s  
and  C -F  b o n d s .
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