
CHAPTER III

RESULTS AND DISCUSSION

Hydrogen bonding in a traditional phenolic resin and  
polybenzoxazines, 440-a, B-a and B-m, was investigated  by an infrared 
temperature study. Hydrogen bonding in novolac produces an absorption in 
three different regions o f  the infrared spectrum. These are the bands at 3520 
cm'1, the intramolecular hydrogen bonding at 3470 cm'1, and the  
intermolecular hydrogen bonding at 3330 cm'1. The band at 3520 cm'1 is 
found in both novolac and benzoxazine model com pounds, but the origin o f  
this m ode has not yet been determined, and thus in this work it is called  
“nearly free OH”. For polybenzoxazines, four regions are o f  interest ะ nearly 
free OH at 3520 cm'1, intramolecular hydrogen bonding (O H — O) around 3460 
cm '1, intermolecular hydrogen bonding (OH—O) around 3380 to 3330 cm '1, 
and the special intramolecular chelation hydrogen bonding (O—Ft"—N) 
around 2700 cm'1.

A ll o f  the hydrogen bonding modes are broad and have overlapping  
bands. In order to solve these problems, curve analysis program was u sed  
with baseline correction before curve fitting. The function used for curve 
fitting w as the product o f  Gaussian and Lorentzian contributions. Our band  
p ositions agree well with the previous work for both model com pounds 
[Cairns and Eglinton, 1962, 1965; K ovac and Eglinton, 1969; Dunkers et. al., 
in press]. N o intensity comparisons were made betw een bands with different 
frequencies since the specific absorptivities drastically change as a function  
o f  the strength o f  hydrogen bonding. For the intramolecular chelation
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hydrogen bonding around 2700 cm'1 in polybenzoxazines, curve fitting 
analysis was difficult. The chelation hydrogen bond vibration has been  
reported to form multiple combination bands with the lower frequency  
hydrogen bond vibration in the far infrared region [Joesten and Schaad, 
1974]. Thus, it is not possib le to use a single line shape to fit these multiple 
bands, and therefore the total area under the broad complex shaped curve 
could be determined.

It is known that when a compound R-X-H forms a hydrogen bond, R- 
X -H — Y, the absorption band due to the X-H stretching mode usually sh o w s  
a frequency shift, Av (AVfree O H  - AVhydrogen bonded), an increase in band width at 
h a lf height, Vi/2, and an increase in the integrated intensity, B, o f  the band. 
The correlation o f  these factors was established by H uggins and Pimentel 
(1956) by a system atic study o f  the spectral changes accom panying  
hydrogen bonding in various solutions. They d iscu ssed  two system s o f  
hydrogen bonding, hydrogen bonded com plexes and hydrogen bonded  
polym ers. For both system s, the relationship betw een the frequency sh ift 
and band width change caused by hydrogen bonding is linear and th is 
correlation is applicable in a wide variety o f  intermolecular hydrogen  
bonding species, but is inapplicable for intramolecular hydrogen b on ded  
com plexes. The intramolecular hydrogen bond is more restricted and  
disp lays much narrower band widths than intermolecularly associa ted  
species [Tsubomura, 1956].

3.1 Curve Analysis

For the phenolic resin, as shown in Figure 3.1, the linear relationship
between Av and v ,/2 is obtained. Carins and Eglinton (1962) reported that for
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dimer novolac the band around 3470 cm '1 was attributed to the intramolecular 
OH—7E bond interaction. H owever, in the trimer system , the band o f  
intramolecular hydrogen bonding was appeared at lower frequency around 
3390 cm'1 and this band was assigned to the intramolecular OH—o  
interaction instead o f  OH— 7t bond. Thus, the origin o f  the band around 3470  
cm'1 o f  the phenolic resin is in question. This band lies on the straight line 
with the other bands that are assigned to be intermolecular hydrogen  
bonding. Thus, it is likely that the band around 3460 cm '1 being to  
intermolecular m ode rather than intramolecular hydrogen m ode.

Figure 3.1 Width at h a lf intensity as a function o f  frequency shift o f  
phenolic resin ((ะ)), 4 4 0 -a  (♦ ), B-a (□ ).
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Similar to novolac, the polybenzoxazines also exhibit a linear 
relationship except for the bands at 3390 cm '1 for 4 4 0 -a  and 3425 cm '1 for B-a. 
These bands are attributed to intramolecular hydrogen bonding. From th ese , 
it can be stated that there are at least two kinds o f  hydrogen bonding in 
polybenzoxazines not including chelation hydrogen bonding. Curve analysis  
provides reasonable results which are consistent with the reported stu d ies  
on hydrogen bonding.

3.2 Thermal Stability of Materials

To confirm that the material did not degrade over the temperature 
range o f  interest, integrated absorbance o f  the C-H out-of-plane deform ation  
was measured as a function o f  temperature. By plotting the absorbance o f  
the C-H band versus temperature, as shown in Figure 3.2, the starting point 
o f  the sudden decrease is considered to be the final temperature o f  the  
study. Som etim es the intensity change in the C-H band is not due to the 
degradation o f  the materials. It may be caused by the conform ational ch an ge  
or som e other factors that resulted in the change in force constants. T h ese  
phenom ena are out o f  interest o f  this study. The decrease o f  the C-H band  
intensity w as arbitrarily set to 5% beyond which the slate w as deem ed  
unreliable. The starting temperature for all materials was 50° c .  The final 
temperature for the phenolic resin was 210° c ,  350° c  for 4 4 0 -a , and 190° c  for 
both B-a and B -m , respectively.
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Figure 3.2 Thermal stability o f  phenolic resin ( ๏ ) 5 4 4 0 -a  (♦ )5 B-a (□ ) 
and B-m  ( • ) .

3.3 Hydrogen Bonding Study as a Function of Temperature of 
Polybenzoxazine

It has been demonstrated by many authors [Morrow et al, 1976; 
V olkov et al, 1974; U gliengo et al, 1990] that water m olecules adsorb on free 
silanol on silica powder. Volkv et al (1974) reported a dramatic reduction in 
the intensity o f  the free silanol band in dehydrated silica powder after 
equilibration with water vapor even at very low relative humidity. 
Chakonmakos and Gibbs (1986) found that the free silanol favored the water 
m olecule to act as proton acceptor rather than proton donor. From this
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From this evidence, it is understandable w hy polybenzoxazines have low  
water content even though they have hydroxyl and amine groups w hich  
w ere generally regarded to be the main loci o f  water interaction [Danieley and 
Long, 1981; Carfagna et al, 1982]. Figure 3.3 show s the infrared spectra o f  
cured 440-a , B-a, and B-m. There is no sign o f  any free hydroxyl groups  
around 3615 cm'1 which was observed in the dilution study o f  benzoxazine 
model compounds [Dunkers et al, submitted]. This implies that all o f  
hydroxyl groups o f  polybenzoxazines are hydrogen bonded in either inter or 
intramolecular manners.

W avenum ber ( c m 1)

Figure 3.3 Infrared spectra o f  cured 4 4 0 -a  (A ), B-a (C), B-m  (B).

Dunkers et. al. (submitted) also reported that intramolecular h yd rogen  
bonding between hydroxyl and amine groups existed in the benzoxazine
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m odel compound at around 2700 cm'1. They proposed  that the most likely 
conform ation o f  hydrogen bonding is bifurcated hydrogen bonding, as  
show n below:

A n X-ray crystallographic study o f  the model com pound shown ab ove  
indeed strongly supports this structure .

This band at around 2700 cm'1 also appears in the polybenzoxazines. 
This m eans that the amine portion o f  the polybenzoxazine is not available for 
water m olecules to interact. By studying the frequency shift o f  the hydrogen  
bonding as a function o f  temperature, it w as found that this hydrogen  
bonding is unusually strong. The lower the frequency, the stronger the  
hydrogen bonding. A s can be seen in Figure 4, the integrated absorbance o f  
this hydrogen bond is alm ost constant over the w ide temperature ranges 
from 50° c  to 350° c  for 4 4 0 -a , and from 50 to 190° c  for B-a and B-m.

CH3
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Figure 3.4 Integrated absorbance o f  chelation hydrogen bonding as a 
function o f  temperature o f4 4 0 -a  (♦ ), B-a (□ ).

The strength o f  chelation hydrogen bonding is dependent on the  
electronegativity o f  the amine group attached to the nitrogen atom. It has 
also been reported that the higher electron density on the nitrogen atom  
gives the higher concentration o f  intrasegmental hydrogen bonding w hich  
cannot be involved in water bonding [Bellenger et al, 1989]. From this, the  
m ethylam ine-based benzoxazine should give lower water content than the  
aniline-based benzoxazine and should have the stronger hydrogen bond as  
well. The FT-IR spectrum o f  B-m is nearly the sam e over the entire 
temperature range studied, indicating that there is alm ost no change in 
hydrogen bonding as the temperature increases.
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Figure 3.5 Integrated absorbance o f  intermolecular hydrogen bonding  
as a function o f  temperature o f4 4 0 -a  (♦ ) 5 B-a (□ ).

Intermolecular hydrogen bonding has also been observed  at 
frequency around 3380 to 3330 cm'1. A s show n in Figure 3.5, the integrated  
absorbance decreases as the temperature increases for both 4 4 0 -a  and B-a. 
The integrated absorbance o f  4 4 0 -a  is alm ost constant up to 250° c  and then  
decreases beyond 250° c .  Compared to 4 4 0 -a , the hydrogen bonding o f  B-a 
decreases faster. This can be explained by the structures o f  4 4 0 -a  and B-a. 
The backbone o f  4 4 0 -a  is benzophenone, w hich is stiffer than the b isphenol- 
A  backbone o f  B-a. N ing and Ishida (1994) have studied the effect o f  
molecular structure on dynamic mechanical properties o f  polybenzoxazines. 
They found both the y- and (^-transitions o f  polybenzoxazines are b elow  the
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glass transition temperature. They reported that the thermal motion o f  the  
pendant groups attached to the nitrogen atom was responsible for the y- 
process and independent on the backbone structure. It is believed that the  
{3-transition is caused by the motion o f  several chemical repeating units o f  
the backbone. The variety o f  the intermediates that are not incorporated  
com pletely into the network are responsible for the breadth o f  the (3- 
transition. The (3-transition o f  440-a , B-a, and B-m are centered around 115, 
75, and 60° c ,  respectively. 4 4 0 -a  has stiffer backbone chain than B-a and B- 
m, and therefore has higher [3-transition temperature. A s temperature 
increases, hydrogen bonds are disturbed due to the m ovem ent o f  the several 
units o f  the backbone.

Figure 3.6 Integrated absorbance o f  intramolecular hydrogen bonding  
between OH groups as a function o f  temperature o f 4 4 0 - a  

(♦ ), and B-a (□ ).
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The intramolecular hydrogen bondings betw een hydroxyl groups o f  
polybenzoxazines were also determined as a function o f  temperature as can  
be seen in Figure 3.6. These hydrogen bondings o f  both 4 4 0 -a  and B-a are 
slightly decreased when increasing temperature. By com parison  
intramolecular hydrogen bonding to inter- and chelation hydrogen bonding. 
It is found that intramolecular hydrogen bonding is more stable than  
intermolecular hydrogen bonding. The most stable hydrogen bonding is  
chelation hydrogen bonding. This result is consistent to the theory that the  
low er the frequency, the higher the hydrogen bond strength.

Upon increasing temperature, hydrogen bonds are broken and yield  a 
greater free OH com ponent as the integrated absorbance o f  nearly free OH 
bonds becom es higher as show n in Figure 3.7. The support for the a b o v e  
statement can be seen  ๒ this figure where the nearly free OH concentration  
started increasing well below  the Tg o f the respective polybenzoxazines. 
The Tg o f  4 40 -a  is 350° c  and that o f  B-a is 180° c .  From Figure 3.11, the  
onset temperature o f  the increase intensity o f  the nearly free OH m odes are 
determined to be approximately 110° c  for 4 4 0 -a  and 80° c  for B-a, w hich are 
closed  to the p -transition o f  these polymers.
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Figure 3.7 Integrated absorbance o f  nearly free OH as a function o f  
temperature o f4 4 0 -a  (♦ ), B-a (□ ).
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W avenum ber (c m '1 )

Figure 3.8 Infrared  spectra o f  h y d ro gen  bond recovery รณdy o f  B -a;
at room  tem perature (A), at 190 °c (B), at room  tem perature 
after cooling from 190 °c (C).

3.4 Recovery of Hydrogen Bonding

The recovery  o f  hydrogen  b o n d in g  after cooling from a certa in  
e levated  te m p e ra to e  to  room  tem perature  are also  studied. T he h y d ro g e n  
bond ing  o f  bo th  B-a and B-m recovered  in stan tan eo u s ly  w hen coo led  back  
to  am bient tem peratu res, as show n in F igures 3.8 and 3.9, respectively .
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W av en u m b er ( c m 1 )

F igure  3.9 In frared  spectra  o f  hydrogen bond recovery  study o f  B -m ;
at room  tem perature (A), at 190 °c (B), a t room  tem perature  
after cooling from  190 °c (C).

H ow ever, h y d ro g en  bond ing  o f  4 4 0 -is  recovered  only  partia lly  a fte r 
reach ing  room  tem pera tu re  and rem ained u n ch an g ed  even  at 11 h  later, a s  
can  be seen in F igure  3.10. S im ilarly, the hydrogen bonding  o f  n o v o la c - ty p e  
pheno lic  resin  is also  recovered  slowly (Figure 3.11). A s m en tion ed  earlier, 
the (3-transition o f  B -a is c lose  to  that o f  B-m while bo th  com p ound s have  a 
b road  d istrib u tio n  th a t reaches room tem peraure. U pon  cooling  to  room  
tem peratu re , the m ain chains o f  both B-a and B-m still have  som e m obilities 
that allow s hydrogen  bonds to  be reform ed. The 4 4 0 -a  m aterial has a h ig h e r 
(3-transition tem peratu re  so that the m ain chain m otion  at room  tem pera tu re  is
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restric ted . C onsequently , h y d ro g en  bond recovery  is s low er than the o th e r  
po lybenzoxazines. A ccord ing ly , it is p roposed  th a t th e  P -transition  p lays an  
im portan t role in the h y d ro g en  bon d ing  break-up  as well as recovery. A  
p rev io u s  study on the tem pera tu re  dep en d en ce  o f  hyd rogen  b o n d in g  
su g g e s te d  that beyond g lass transition  tem peratu re , th e  in tensity  o f  th e  
h y d ro g en  bonding  m ode red u ced  approxim ately linearly [Seym our an d  
C ooper, 1973]. To our know ledge, no one has re la ted  th e  P-transition to  
h y d ro g en  bonding. O nly th e  a -tra n s itio n  is con sid ered  to  be the po in t w here  
h y d ro g en  bonding  decreases dram atica lly .

F ig u re  3 .10 Infrared spectra  o f  hydrogen  bond recov ery  study o f  4 4 0 -a ; a t 
room  tem perature (A), at 50 °c (B), at 350 °c (C), at room 
tem perature after cooling from 350 °c (D ), and allowing at 
room  tem perature for 11 h (E).
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Figure 3.11 Infrared  spectra  o f  hydrogen  bond recovery  study  o f  
phenolic resin; at room  tem perature (A), at 210 °c (B), at 
room  tem perature after cooling from  210 °c (C), and 
allow ing at room  tem perature for 12 h (D).

3.5 Hydrogen Bonding Study as a Function of Temperature of Phenolic 
Resin

Figure 3.12 show s infrared spectrum  o f  the no v o lac-ty p e  p h en o lic  
resin . It can  be observed  th at there  is a band around 3640 cm '1 w hich  is 
a ttribu ted  to h inder free hydroxyl group. This band  w as rep orted  by C airns 
and E glin ton (1962) that it w as found in o rtho -d i-t-bu ty l su b s ti tu te d  
d inuclear novolac. T hey su g g ested  th at the d i-o rtho -t-bu ty l su b s ti tu e n ts
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p rev en t the in term olecular assoc ia tion  so in tram olecular OH—o  b o n d s  
cou ld  be form ed around 3450 cm"1. C rosslinking netw ork  stru c tu re  o f  
pheno lic  resin  is d i-ortho  su b stitu tio n  w hich is similar to  w hat w as found in 
d inuc lear novolac. H ow ever, d i-ortho  substituents o f  nov o lak  รณdied in o u r 
w ork are m ethylene or e th e r linkages w hich have a very  w eak effect for 
p rev en tin g  interm olecular h yd ro g en  bonding. T herefore , in tram olecular 
hyd ro gen  bonding  should  be  rare ly  formed. M ost o f  h y d ro g en  b o n d in g s in 
p heno lic  resin  are p robab ly  in term olecular association .

W avenum ber (cm"1 )

F igu re  3.12 Infrared  spectrum  o f  cured novo lac-type  pheno lic  resin .

T he in tegrated  a b so rb an ces  o f  hydrogen  b o n d in g  m odes o f  p h en o lic  
resin  are show n in F igure 3.13 as a fonction o f  tem peratu re . In term olecular
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h y d ro g en  bonding  appears to be m ore sensitive  to  tem pera tu re  th a n  
in tram olecular hyd ro gen  bond. N onetheless, the in ten sity  red uction  o f  th e  
in term olecular hydrogen  bond ing  o f  the pheno lic  resin  is low. T his m ay be  
b ecause  the  pheno lic  resin  used  is highly crosslinked . A ny tra n s itio n s  
below  T g  cannot be observed. E ven  the Tg (a -tran s itio n ) is not c lear [Ish ida 
and Low , to  be published]. Since the netw ork o f  the p h en o lic  resin  is v e ry  
tigh t, the  tem perature  below  T g does not have m uch in fluen ce  on h y d ro g e n  
bond ing . U pon increasing tem perature, m ore free O H  com p on en t is 
o bserved , as can be dem onstra ted  by the slight in crease  in ab so rb an ce  o f  
the nearly  free O H  band.

F igu re  3.13 Integrated absorbance o f  nearly  free O H  ( ๏ ) ,  in ter- (♦ ) 
and in tram olecular hydrogen bonding  (□ ) o f  phenolic
resin.
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P olybenzoxazines have an u n u su a lly  strong  h yd ro gen  b o n d in g  
am ong th ose  hydroxyl and am ine groups w hich  m akes them  unavailab le  for 
w ater adsorp tion . T hus, w ater con ten t is quite  low, only 0.11%  and  0.17% 
for B-a and B-m, respectively , und er an  im m ersion in w ater at room  
tem perature  for 24 h. T hese  va lues are com pared to the n o v o la c -ty p e  
pheno lic  resin  w hich  has som e free hydroxyl groups w hich are availab le  for 
in teraction  w ith  w ater m olecules. It has w a te r conten t around 0.23%  (1990) a t 
the  sam e condition .

It is p ossib le  th at the local s tru c tu re  o f  the po lybenzoxazines is a 
double  chain  ladder structure , as show n below . In th is s tru c tu re , th e  
cova len t bon ds com prise one chain  and th e  tra in  o f  hydrogen  b o n ds forms 
ano th er chain.

R

T he in tram olecular O H —o  bon d  is w eaker than  the c h e la ted  
o — fT —N  bond. T hus, in the chem ical rep ea tin g  unit, at least one six-

1, m r i C  เ 0
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m em bered ring in vo lv ing  the OH and N  m ay be p reserved  w hile th e  
in tram olecular O H — o  b o n d  is disturbed, allow ing the b -p rocess to  tak e  
p lace  by p rov id in g  the m ain chain som e freedom  for ro tation . Indeed , th e  
chelation  in tram olecu lar hyd ro gen  bonds, o — H +— N , as show n in F igu re  3.4 
are m ore stable as a fun c tio n  o f  tem perature th an  the in tram olecular O H — o  
bonds w hich  is show n  in F igu re  3.6. Since no t ฝ! O H —o  bonds need  to  b e  
b roken  for a chain  to  ro ta te  at the P-transition tem perature , the frac tio n  o f  
b roken  in tram olecular O H — o  bonds could be low. T his is also  reflec ted  in 
the m ild  tem perature  sensitiv ity , see Figure 3.6.

The afo rem en tioned  double  chain ladder stru c tu re  w ould  lead to  local 
cyclic  structure  w ith  severa l chem ical repeating  units before the helical tu rn  
experiences steric  h ind ran ce . W hile the po lybenzoxazines are c ro ss lin k e d  
po lym ers and as such  an am orphous structure  is env isaged , local o rd e r h a s  
been  observed by w id e  ang le  x-ray diffraction w here local order on  the o rd e r 
o f  a few nanom eters has been  observed  [D unkers e t al, subm itted]. F u rth e r  
su ppo rt o f  the local cyclic  structure  is ob tained  by the m odel co m p o u n d s o f  
a polybenzoxazine. T he size exclusion chrom atogram  indicated  th a t th e  
hydrodynam ic vo lum e o f  th e  te tram er was m uch sm aller than  w hat w o u ld  b e  
expected  from  the sizes o f  the  dimer and trimer. Furtherm ore, the U V -visible 
abso rp tion  spectra  o f  the m odel com pound sh ow ed  a  hyperchrom ie e ffec t a s  
the  num ber o f  b enzen e  g roups increased from tw o to  four [Ishida and  K rus, 
1995], reflecting  the  tra in  o f  hydrogen  bonded  g roups. In o ther w ords, th e  
term inal pheno lic  O H  group o f  the tetram er is m ore acidic than the dim er or 
trim er. T hese find ing  is a lso  consisten t w ith  resu lts  reported  on the m odel 
com pounds o f  novo lak  res in  [B ellenger and D haoui, 1988].
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Ishida and A llen (in p ress) reported  th a t po lybenzoxazines have low 
crosslink  densities but h igh  T g ’s and h igh  m oduli w hen  com pared  w ith  
epoxy  resin. This p heno m enon  is som ew hat unexp ec ted  since, in general, 
th e  h igher the degree o f  crosslink ing , the h igher the g lass tran sitio n  
tem perature . This can be explained by the ex istence  o f  an unu sua lly  s tro n g  
in tram olecu lar hydrogen bonding  in the po lybenzoxazines. A s d iscu ssed  in 
th e  p rev ious section  th a t the po lybenzoxazines d isp lay  m any kinds o f  
h y d ro g en  bonding , especially  in tram olecular h y d ro g en  b o n d in g  b e tw een  
the  hydroxyl and am ine groups, that are very  stab le  over a w ide tem pera tu re  
range. The strength o f  bo th  inter- and in tram olecu lar hydrogen  bon d ing  m ay 
con tribu te  to  the stiffness o f  the chain and obstruc t the m obility  o f  the chain. 
A lso , the double chain ladder structure m entioned  above w ill certa in ly  stiffen  
th e  m am  chain. H ence, desp ite  the low degree o f  crosslink ing , h y d ro g e n  
b o n d in g  contributes to the stiffness o f  the system  and leads to  h igh  T g  an d  
h igh  m odulus.

U nlike o ther therm osetting  resins, po lybenzoxazines exhib it vo lum etric  
expansion  upon  polym erization. It has been  m entioned  th at in epoxy 
ne tw orks, hydrogen  bonding  increases at the sam e tim e as cro sslink  d e n s ity  
[B ellenger and D haoui, 1988]. T hey also rep orted  th a t the density  in creases 
w ith  the crosslink  density . T hese  can be im plied that the m ore h y d ro g e n  
bon d ing , the h igher the density  w hich m ay due to  b e tter pack ing  in th e  
n e tw o rk . H ow ever, it has been reported  that the stiffness o f  the chain  is a lso  
respo nsib le  for the change ๒ volum e [W on et al, 1991]. In our case, th e  
po lybenzoxazines have m any benzene rings in th eir s tru c tu re  th at m ake th e  
chain5becom e s tiff  to  som e extent. Furtherm ore, th ey  have m any kinds o f  
h y d ro g en  bonds w hich m ay restric t the m otion  o f  the chain  and further
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stiffer the chains, leading to poor molecular packing. This factor may result
in high free volume which is known to be one of many factors of expansion.
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