
CHAPTER IV

ห อ ส 5JF:ท
r .T .;

?8ใหันใทmjffTO
;ร- 
ร'
I

RESULTS AND DISCUSSION

4.1 Characterization of Benzoxazine Monomers

Structural characterization of 3,4-dihydro-3,6,8-trimethyl-2H-l,3- 
benzoxazine 1, and 3,4-dihydro-3,6-dimethyl-2H-l,3-benzoxazine 2 were 
previously reported by Pongtamrug e t a l.

The prepared monomers 3-15 were characterized as follows. Each 
spectrum is shown in Figures 4.1-4.26.

3 .4 -  d ih y d ro -6 -e th y l-3 -m e th y l-2 H - l,3 -b e n z o x a z in e  3
FTIR (KBr, cm"1) : 1499 (vs, oxazine), 1229 (vs, C-O-C stretching), 

1200 (ร, C-N-C stretching), 1144 (ร, C-H in-plane bending), 937 (ร, C-H out of 
plane), 822 (ร, C-H out of plane), 742 (m, C-C-C bending).

^-N M R  (in CDC13) : 5 1.20 (3H, t, Ar-CH2-CH3), 2.50 (2H, q, Ar- 
CH2-CH3), 2.70 (3H, ร, N-CH3), 3.90 (2H, ร, Ar-CH2-N), 4.75 (2H, ร, 0-C H 2- 
N), 6.75 (1H, d, Ar-H), 6.85 (1H, ร, Ar-H), 6.95 (1H, d, Ar-H)

% Yield = 65
TLC (Rf ) = 0.45 (CH3 OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d ro ~ 6 -t-b u ty l-3 -m e th y l-2 H -l,3 -b e n zo x a z in e  4
FTIR (KBr, cm"1) : 1502 (vs, oxazine), 1234 (vs, C-O-C stretching), 

1143 (ร, C-H in-plane bending), 938 (vs, C-H out of plane), 821 (ร, C-H out of 
plane), 755 (m, C-C-C bending).

H-NMR (in CDCI3) : 5 1.30 (9H, ร, Ar-C(CH3)3), 3.93 (2H, ร, Ar-CH2- 
N), 4.75 (2H, ร, 0-CH 2-N), 6.72 (1H, d, Ar-H), 6.94 (1H, ร, Ar-H), 7.15 (1H, 
d, Ar-H).
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% Yield = 70
TLC (Rf ) = 0.74 (CH3OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d ro -3 -m e th y l-2 H -1,3 -b e n zo x a z in e  5
FTIR (KBr, cm'1) : 1489 (vs, oxazine), 1231 (vs, C-O-C stretching), 

1217 (ร, C-N-C stretching), 1144 (ร, C-H in-plane bending), 928 (vs, C-H out 
of plane), 862 (ร, C-H out of plane), 755 (m, C-C-C bending).

^ -N M R  (in CDCI3) : Ô 2.60 (3H, ร, N-CH3), 3.95 (2H, ร, Ar-CH2-N),
4.78 (2H, ร, 0-C H 2-N), 6.77-6.94 (5H, m, Ar-H)

% Yield = 55
TLC (Rf ) = 0.33 (CH3 OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d ro -6 ,8 -d im e th y l-3 -p ro p y l-2 H -1 ,3 -b e n zo x a z in e  6

FTIR (KBr, cm 1) : 1486 (vs oxazine), 1220 (vs, C-O-C stretching), 
1201 (ร, C-N-C stretching), 1144 (ร, C-H in-plane bending), 928 (vs, C-H out 
of plane), 862 (ร, C-H out of plane), 755 (vs, C-C-C bending).

!H-NMR (in CDCI3 ) : Ô 0.91 (3H, t, N-CH2-CH2-CH3), 1.57 (2H, m, 
N-CH2-CH2-CH3), 2.13 (3H, ร, Ar-CH3), 2.20 (3H, ร, Ar- CH3), 2.68 (3H, t, 
N-CH2-CH2-CH3), 3.92 (2H, ร, Ar-CH2-N), 4.84 (2H, ร, 0-C H 2-N), 6.59 (1H, 
ร, Ar-H), 6.79 (1H, ร, Ar-H).

% Yield = 90
TLC (Rf ) = 0.50 (CH3 OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d r o -6 -m e th y l-3 -p r o p y l-2 H -l, 3 -b e n zo x a z in e  7
FTIR (KBr, cm'1) ะ 1502 (vs, oxazine), 1223 (vs, C-O-C stretching), 

1143 (ร, C-H in-plane bending), 940 (ร, C-H out of plane), 815 (ร, C-H out of 
plane).
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^-N M R  (in CDCI3 ) : 5 1.23 (3H, t, N-CH2-CH2-CH3), 1.63 (2H, m, N- 
CH2-CH2-CH3), 2.23 (3H, ร, Ar-CH3), 2.69 (2H, t, N-CH2-CH2-CH3), 4.04 
(2H, ร, Ar-CH2-N), 4.94 (2H, ร, 0-C H 2-N), 6.64 (1H, d, Ar-H), 6.75 (1H, ร, 
Ar-H), 6.87 (1H, d, Ar-H).

% Yield = 85
TLC (Rf ) = 0.40 (CH3OH : CHC13 ; 1: 19).

3 .4 -  d ih y d r o -6 -e th y l-3 -p r o p y l-2 H -l,3 -b e n z o x a z in e  8
FTIR (KBr, cm’1) ะ 1500 (vs, oxazine), 1223 (vs, C-O-C stretching), 

1143 (ร, C-H in-plane bending), 938 (ร, C-H out of plane), 821 (m, C-H out of 
plane).

!H-NMR (in CDC13) : 5 1.19 (3H, t, N-CH2-CH2-CH3), 1.26 (3H, t, Ar-
CH2-CH3), 1.64 (2H, m, N-CH2-CH2-CH3), 2.56 (2H, q, Ar-CH2-CH3), 2.64 
(2H, t, N-CH2-CH2-CH3), 4.00 (2H, ร, Ar-CH2-N), 4.88 (2H, ร, 0-C H 2-N), 
6.64 (1H, d, Ar-H), 6.75 (1H, ร, Ar-H), 6.87 (1H, d, Ar-H).

% Yield : 90
TLC (Rf ) = 0.46 (CH3OH : CHC13 ; 1: 19).

3 .4 -  d ih y d r o -6 - t-b u ty l-3 -p r o p y l-2 H -l,3 -b e n z o x a z in e  9
FTIR (KBr, cm'1) ะ 1503 (vs, oxazine), 1231 (vs, C-O-C stretching), 

1203 (m, C-N-C stretching), 1142 (ร, C-H in-plane bending), 937 (ร, C-H out 
of plane), 822 (ร, C-H out of plane), 750 (m, C-C-C bending).

'H-NMR (in CDC13) : Ô : 0.97 (3H, t, N-CH2-CH2-CH3), 1.28 (9H, ร,
Ar-C(CH3)3), 1.52 (2H, m, N-CH2-CH2-CH3), 2.65 (2H, t, N-CH2-CH2-CH3), 
3.98 (2H, ร, Ar-CH2-N), 4.83 (2H, ร, 0-C H 2-N), 6.77-7.15 (4H, m, Ar-H)

% Yield = 60
TLC (Rf ) = 0.76 (CH3OH : CHC13 ; 1: 19).



3 .4 -  d ih y d ro -3 -p ro p y l-2 H -1 ,3 -b e n zo x a z in e  10
FTIR (KBr, cm 1) : 1489 (vs, oxazine), 1224 (vs, C-O-C stretching), 

1141 (ร, C-H in-plane bending), 937 (vs, C-H out of plane), 754 (vs, C-C-C 
bending).

^-N M R  (in CDCI3) : 5 0.93 (3H, t, N-CH2-CH2-CH3), 1.60 (2H, m, N-
CH2-CH2-CH3), 2.71 (2H, t, N-CH2-CH2-CH3), 3.99 (2H, ร, Ar-CH2-N), 4.87 
(2H, ร, 0-C H 2-N), 6.75-7.11 (5H, m, Ar-H).

%  Yield = 65
TLC (Rf ) = 0.35 (CH3OH : CHC13 ; 1: 19).

3 .4 -  d ih y d ro -6 ,8 -d im e th y l-3 -c y c lo h e x y l-2 H -1 ,3 -b e n zo x a z in e  11
FTIR (KBr, cm'1) : 1486 (vs, oxazine), 1222 (vs, C-O-C stretching), 

1197 (m, C-N-C stretching), 1149 (ร, C-H in-plane bending), 923 (ร, C-H out 
of plane), 851 (m, C-H out of plane).

]H-NMR (in CDC13) : Ô 1.23 (2H, m, CH2 of cyclohexyl group), 1.72 
(4H, m, CH2 of cyclohexyl group), 1.94 (4H, dt, CH2 of cyclohexyl group), 
2.11 (3H, ร, Ar-CH3), 2.20 (3H, ร, Ar- CH3), 2.85 (1H, t, CH of cyclohexyl 
group), 4.01 (2H, ร, Ar-CH2-N), 4.95 (2H, ร, 0-CH 2-N), 6.59 (1H, ร, Ar-H), 
6.76 (1H, ร, Ar-H).

% Yield = 90
TLC (Rf ) = 0.54 (CH3OH ะ CHC13 ; 1: 19).

3 .4 -  d ih y d ro -6 -m e th y l-3 -c y c lo h e x y l-2 H -1 ,3 -b e n zo x a z in e  12
FTIR (KBr, cm 1) ะ 1502 (vs, oxazine), 1226 (vs, C-O-C stretching), 

1149 (ร, C-H in-plane bending), 935 (ร, C-H out of plane), 814 (ร, C-H out of 
plane).
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^-N M R  (in CDCI3) ะ 8  1.15 (2H, m, CH2 of cyclohexyl group), 1.23 
(4H, m, CH2 of cyclohexyl group), 1.75 (4H, dt, CH of cyclohexyl group),
4.05 (2H, ร, Ar-CH2-N), 4.95 (2H, ร, 0-C H 2-N), 6.65 (1H, d, Ar-H), 6.75 
(1H, ร, Ar-H), 6.85 (1H, d, Ar-H).

% Yield = 85
TLC (Rf ) = 0.44 (CH3OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d ro -6 -e th y l-3 -c y c lo h e x y l-2 H -1,3 -b e n zo x a z in e  13
FTIR (KBr, cm"1) : 1500 (vs, oxazine), 1227 (vs, C-O-C stretching), 

1149 (ร, C-H in-plane bending), 935 (ร, C-H out of plane), 814 (ร, C-H out of 
plane).

^ -N M R  (in CDCI3) : 6  1.13 (3H, t, Ar-CH2-CH3), 1.18 (2H, m, CH2 of
cyclohexyl group), 1.24 (4H, m, CH2 of cyclohexyl group), 1.73 (4H, dt, CH2 

of cyclohexyl group), 2.69 (1H, t, CH of cyclohexyl group), 4.05 (2H, ร, Ar- 
CH2-N), 4.94 (2H, ร, 0-C H 2-N), 6.65 (1H, d, Ar-H), 6.78 (1H, ร, Ar-H), 6.89 
(1H, d, Ar-H).

% Yield = 90
TLC (Rf ) = 0.48 (CH3OH : CHCI3 ; 1: 19).

3 .4 -  d ih y d r o -6 - t-b u ty l-3 -c y c lo h e x y l-2 H - l,3 -b e n z o x a z in e  14
FTIR (KBr, cm"1) : 1501 (vs, oxazine), 1230 (vs, C-O-C stretching), 

1203 (m, C-N-C stretching), 1131 (ร, C-H in-plane bending), 923 (vs, C-H out 
of plane), 822 (vs, C-H out of plane), 745 (m, C-C-C bending).

JH-NMR (in CDCI3) : 6  1.15-1.23 (6 H, m, CH2 of cyclohexyl group),
1.30 (9H, ร, Ar-C(CH3)3), 1.75 (4H, dt, CH of cyclohexyl group), 2.70 ( 1 H, t, 
CH of cyclohexyl group), 4.09 (2H, ร, Ar-CH2-N), 4.95 (2H, ร, 0-C H 2-N), 
6.65 (1H, d, Ar-H), 6.95 (1H, ร, Ar-H), 7.10 (1H, d, Ar-H).
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% Y ield = 75
TLC  (Rf ) = 0.78 (C H 3OH : CH CI3 ; 1: 19).

3 ,4 - d ih y d r o - 3 - c y c lo h e x y l - 2 H - l ,3 - b e n z o x a z in e  15
F T IR  (K Br, cm"1) : 1489 (vs, oxazine), 1226 (vs, C -O -C  stretching), 

1188 (vs, C -N -C  stretching), 1149 (vs, C-H  in-plane bending), 921 (vs, C-H  
ou t o f  p lane), 843 (ร, C -H  out o f plane), 753 (vs, C -C -C  bending).

JH -N M R  (in CDCI3 ) : 5 1.18 (2H , m, C H 2 o f cyclohexy l group), 1.49 
(4H , m, C H 2 o f cyclohexyl group), 1.75 (4H, dt, C H 2 o f  cyclohexy l group), 
2 .68 (1H , t, C H  o f cyclohexyl group), 4 .07 (2H , ร, A r-C H 2-N ), 4 .97 (2H , ร, O- 
C H 2-N ), 6 .71-7.13 (5H, m, A r-H ).

% Y ield  = 80
T L C  (Rf ) = 0 .39 (CH 3 OH : CH CI3 ; 1: 19).
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Wavenumber / cm'1
Figure 4.1 FTIR  spectrum  o f 3.

F ig u r e  4.2 ’H-NMR spectrum of 3.
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Figure 4.3 FT IR  spectrum  o f 4.

0 / ppm
Figure 4.4 ^ - N M R  spectrum  o f 4.
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Figure 4.5 FTIR  spectrum  o f 5.
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Figure 4.6 'H -N M R  spectrum  o f 5.
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Figure 4.7 FTIR spectrum  o f 6.

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
0 /  ppm

F ig u r e  4 .8  ]H -N M R  spectrum of 6 .



Ab
sor

ba
nc

e

31

Wavenumber /c m '1
Figure 4.9 FTIR spectrum  o f 7.

f  c

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
ô/ppm

F ig u r e  4 .1 0  ^ - N M R  spectrum of 7 .



Ab
sor

ba
nc

e

32

Wavenumber /  cm'1
Figure 4.11 FTIR spectrum of 8.

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
5 / ppm

F ig u r e  4 .1 2  'H -N M R  sp e c tru m  o f  8 .
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Figure 4.14 FTIR spectrum of 9.
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3500 3000 2500 2000 1500 1000
Wavenumber / cm'1

Figure 4.15 FTIR spectrum of 10.

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
5 / ppm

F ig u r e  4 .1 6  'H -N M R  sp ectru m  o f  10 .
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Figure 4.17 FTER spectrum of 11.
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Figure 4.18 ^ - N M R  sp ectru m  o f  11.
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Wavenumber /  cm'1
Figure 4.19 FTIR spectrum of 12.
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Figure 4.20 !H -N M R  sp ectru m  o f  12.
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Wavenumber /  cm'1
Figure 4.21 FTIR spectrum of 13.

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
0 / ppm

Figure 4.22 'H -N M R  sp ectru m  o f  13.
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F ig u r e  4 .2 3  F T IR  sp ec tru m  o f  1 4 .

Figure 4.24 ^-N M R  spectrum of 14.
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Wavenumber / cm’1
F ig u r e  4 .2 5  F T IR  sp ec tru m  o f  15 .

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
5 / ppm

Figure 4.26 !H-NMR spectrum of 15.
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4.2 Ion In teraction of Benzoxazine M onom er Derivatives

B enzoxazine  m onom ers are expected  to give a specific conform ation  as 
a h ost com pound to form  com plexes w ith  guest m olecules, especially , ion 
guests. T he ion  extraction  percentage w as studied by variation  o f 
concen trations, and the structures.

4.2 .1 E ffec t o f  B enzoxazine M onom er C oncentration

L o g  c o n c e n t r a t i o n  /  M

Figure 4.27 Ion ex traction  o f  benzoxazine m onom ers o f A ) 1 ; A) 2 ; 
o  ) 3 ; •  ) 4 ; a n d n  ) 5 ; at m onom er concen tration  o f 7 x l0"5, 7x10^,
3.5 X  10"3, and 7x l0"3M . sodium  picrate  salt at concen tration  7xlO"5 M.
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Figure 4 .27  show s th at w hen the concen tration  o f 1-5 increases, the 
sodium  p icrate  ex traction  percentage is gradually  increased. In the case o f  1 
and 4, the ex traction  percentage w as nearly  100% w hile in  the case o f  5, the 
ex trac tion  percen tage w as only  10%.

C hirachanchai e t  al .  reported  that 1 show ed the ion  ex trac tion  ability  
w ith  L i+, N a+, and K + nearly  100% w hen the concen tration  o f  1 w as 0.1 M . In 
the p resen t w ork, it w as found that 1 gave the ion ex traction  percen tage  nearly  
100% even using  less concen tration  fo r 10 tim es. It should be noted  that the 
ion ex trac tion  ability  o f m onom er 1 and 4 started at concen tration  10'3 w hile 2, 
3, and 5 started  at 7X10"4 M . This im plied  that the m olecu lar assem bly  o f 
benzoxazine  m onom er w ill be form ed effectively  at above certa in  
concen tration . It can be  m entioned that the m onom er w ith  side groups on 
benzoxazine  un it such as m ethyl, ethyl, o r f-butyl gave the h igher ion 
ex trac tion  percen tage than the m onom ers w ithout those groups. T he  resu lt 
im plied  that the structure o f benzoxazine should p lay  an im portan t ro le  in the 
ion  ex traction . Since benzoxazine m onom er does no t p rov ide  the specific 
cav ity  by  its ow n m onom er unit, the ion en trapm ent ab ility  m ay com e from  the 
unique m olecu lar assem bly.

C onsidering  benzoxazine m onom ers, the m olecu lar assem b ly  m ay be 
form ed by  stacking conform ation betw een  benzene ring, H ow ever, the 
oxygen  and n itrogen  atom s w ill m ake the oxazine ring  repu lsion  o w ing  to the 
electronegativ ity . A lthough, the studies in  m ore details required , especially  X -  

ray  single crysta llography analysis, it can be m entioned  th at the bu lky  group in 
oxazine  gives the loose pack ing  to provide m ore space than guests.



4 .2 .2  E ffect o f  S tructure o f B enzoxazine M onom ers 
In order to clarify  the effect o f  the structure o f m onom er on m etal ion 

in teraction , a series o f  m onom ers w ere prepared. T he ion in teraction  
p roperties w ere studied by variation  o f  host-guest ratio.

As show n in  F igure 4 .28, m onom ers 5, 10, 15, w hich are based on 
phenol, show  ion ex traction  percentage fo r e ither K + and N a+, less than 20%  
even the host concen tration  w as h igher than guest concen tration  fo r 100 tim es.

In contrast, F igure 4 .29  suggests that 4, 9,and 14 having the sam e basic  
un it o f  f-butyl phenol, ex trac t high percent o f ion only w hen the am ine group 
w as m ethyl group, 4. Thus, the results im plied effect o f  aza group contain ing  
no bulky group. T he ex traction  percentage was significant.

F igures 4 .3 0  and 4.31 dem onstrate that benzoxazines w ith  a series o f
2,4  d im ethy lpheno l and 4 -ethylphenol have high percen t o f  ion extraction . 
H ow ever, in  this case, the ones w ith  m ethyl group at N (m onom er 1 and 3) 
show ed h igher percen t ex traction  than the ones w ith  propyl or cyclohexy l 
group at N (m onom er 6 and 11). T he results inform ed that benzoxazine  
increased  ion  in teraction  ab ility  w hen the benzene ring  has the bulky group  bu t 
the n itrogen  and oxygen at oxazine ring  have less steric effect.
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Complex

Figure 4.28 Ion extraction  percentage o f  benzoxazine m onom ers 5, 10, 
and 15 by  varying h ost guest ratio  using p icrate  salt o f  :N a+ (white bar) 
and K+ (solid bar) at the concentration 7 x l0 ‘5M.
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Complex

Figure 4.29 Io n  e x tra c tio n  p e rc e n ta g e  o f  b e n z o x a z in e  m o n o m e rs  4, 9,
an d  14 b y  v a ry in g  h o s t g u e s t ra t io  u s in g  p ic ra te  sa lt o f  :N a+ (w hite bar)
and K+ (solid bar) at the concentration  7xlO '5M.
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Figure 4.30 Io n  e x tra c tio n  p e rc e n ta g e  o f  b e n z o x a z in e  m o n o m e rs  3, 8,
an d  13 b y  v a ry in g  h o s t g u e s t ra tio  u s in g  p ic ra te  s a lt  o f  :N a+ (w hite bar)
and K+ (solid bar) at the concentration 7xlO '5M.
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Complex

Figure 4.31 Io n  e x tra c tio n  p e rc e n ta g e  o f  b e n z o x a z in e  m o n o m e rs  1, 6,
an d  11 b y  v a ry in g  h o s t  g u e s t ra tio  u s in g  p ic ra te  s a lt  o f  :N a+ (w hite bar)
and K+ (solid bar) at the concentration 7xlO '5M.
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4.3 Ion Interaction of Benzoxazine Dimer Derivatives

4.3.1 X R D  A nalysis
It w as noticed  that w hen the C uC l2 aqueous so lu tion  w as m ixed  w ith  

benzoxazine  d im er in organic so lu tion , the color o f  organic p h ase  w as 
changed to  gray-brow n, w hile  the b lue color o f  aqueous phase d isappeared . 
This suggested  that the host-m etal com plexation  occur in the system . 
H ow ever, for o ther m etal salt so lu tions, i.e., B aC l2 and C aC l2, w hich  have no 
color in aqueous phase, after m ix ing  benzoxazine d im ers and the salts, both 
organic and aqueous phases do no t show  any color.

In order to  study the host-guest com plexation , the X R D  patterns o f  the 
prepared sam ples, i.e., benzoxazine  dim er- m etal salt- ex trac t and 
benzoxazine d im er - m etal salt - b lend , w ere observed. A s show n in F igures 
4 .32-4 .34 , the patterns o f  benzoxazine  d im ers 16-24 give sharp peak s in the 
range o f  2°-30°, w hich  im ply the h igh crystallin ity  o f  benzoxazine  dim ers.

F igures 4.35 and 4.36 show  the X R D  patterns o f  16, C u C l2, 16- 
C uC l2-extract, and 16-B aC l2-blend. X R D  pattern  o f  16-C uC l2-b lend  (F igure 
4 .35) show s the com bination  peaks betw een  16 and C uC l2, i.e., 13.9°, 20.2°, 
and 33.6° belon g ing  to C uC l2 and 7.6°, 15.0°, or 19.8° be lon g ing  to  16. W e 
noticed  that after g rind ing  salt w ith  16, the obtained 16-C uC l2-b lend  show ed 
the gray color, though the co lor o f  16 and C uC l2 w ere w hite  and blue, 
respectively . T he peaks at 6° and 15° o f  benzoxazine d im er show ed the 
sign ifican t decrease in the case o f  16-C uC l2-blend. T his m ight be  due to  the 
solid state reaction  o f  16 and m etal salts.

H ow ever, for the 16-C uC l2-extract, a series o f  to ta lly  d ifferent 
characteristic  peaks w ere  observed, i.e., 3.9°, 10.6°, and 11.7°. T he results 
suggested  that there should  be a com plexation  betw een  16 and C uC l2, w hich 
m ade the pack ing  structure  o f  16 changed  drastically . In the case o f  16 and 
other m etals, i.e., B aC l2, and C aC l2, the X R D  patterns tu rned  out to  be the
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sam e, w h ich  im plied  the solid  state reaction  for the cases o f  benzoxazine  
d im er-m etal salt b lend  and com plexation  for the cases o f  benzoxazine  dim er- 
salt-extract.

F igu re  4 .37  show s the characteristic  peaks o f  17 at 6.8° and 10.1°. 
H ere, 17-C uC l2-extract, 17-C aC l2-ex tract and 17-B aC l2-ex tract gave 
abso lu te ly  d ifferen t X R D  patterns from  th at o f  17. It should  also be noted 
that in th e  case o f  17-C aC l2-extract, the X R D  pattern  show s pa ttern  sim ilar to
17-C uC l2-ex tract and 17-B aC l2-extract. This im plied  that w hen  the 
com plexation  o f  benzoxazine  d im er w ith  m etal ion occurred , the 
com plexation  pack ing  structure  w as change. The pack ing  structure  o f  17- 
C aC l2-ex tract should  be the re la ted  structure  to 17-B aC l2-ex trac t and 17- 
C uC l2-extract.

F igu re  4.41 show s the X R D  patterns o f  18-C uC l2-ex tract, 18-C aC l2- 
extract, and 18-B aC l2-extract. T he X R D  pattern  o f  18-C aC l2-ex tract w as 
sim ilar to  18. This m eant that the com plexation  betw een  C aC l2 and 18 
occurred  w hile  the pack ing  structure  w as m aintained. (This resu lt also  can be 
confirm ed by F T IR  (see 4 .3 .2)). It is in teresting  to  find th at the 18-C uC 12- 
ex tract and 18-B aC l2-ex tract perfo rm ed  the sam e X R D  patterns. This 
suggested  th at there be a certain  crystal structure  o f  18-m etal com plex.

In the case o f  22 - m etal sa lt - extract, X R D  patterns show  the sam e 
(F igure 4 .39). T his can be m entioned  th at 22  responded  to  the m etal ion and 
gave the structure  d ifferen t from  the orig inal com pound. It w as c larified  that 
all types o f  d im ers in teract w ith  m etal ions, although the com p lex  structure 
could no t be determ ined  in the p resen t w ork.
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Figure 4.32 X R D  patterns o f  16-18.
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Figure 4.35 XRD patterns of 16, 16-CuCl2-extract, 16-CuCl2-blend 3, 
16-CuCl2-blend 2, 16-CuCl2-blend 1, and C1 1CI2 .
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Figure 4.36 XRD patterns of 16-BaCl2-extract, 16-CaCl2-extract, 16- 
CuCl2-extract.
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Figure 4.37 XRD patterns of 17-BaCl2-extract, 17-CaCl2-extract, 17- 
CuCl2-extract.
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Figure 4.38 XRD patterns of 18-BaCl2-extract, 18-CaCl2-extract, 18- 
CuCl2-extract..

Figure 4.39 XRD patterns of 2 2 -BaCl2-extract, 2 2 -CaCl2-extract, 22- 
CuCl2-extract.
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4.3.2 FTIR Analysis
FTIR was applied to study the structure of benzoxazine dimers and 

complexes. Since the complexation of organic compound and metal ion is 
known to be formed and controlled by the amount and the position of lone 
pair electrons, the functional group related to the nitrogen and oxygen should 
show the peak shift from the original compound. Figure 4.40 shows that the 
spectra of 17-CuCl2-extract, 17-CaCl2-extract, and 17-BaCl2-extract and 17 
are different. Considering 17-CuCl2-extract, 17-CaCl2-extract, and 17-BaCl2- 
extract, each of the extract shows O-H stretching at 3366, 3318, and 3290 
cm"1 respectively, while 17 shows at 3304 cm'1. This implied that hydroxyl 
group, especially oxygen atom of 17, played an important role in 
complexation with metal ions. Techakamolsuk e t a l. reported that 
benzoxazine dimers formed intramolecular hydrogen bonding between the 
hydroxyl OH and aza group. Here, it should be noted that when 17 formed 
the complex with metal ion, the intramolecular hydrogen bonding was 
changed, especially in the case of CaCl2 , as observed from the peaks around 
3050-3150 cm 1.

In the previous part, we discussed about the complexes of 18. FTIR 
shows the significant change in the OH peak, i.e., from the intramolecular 
hydrogen bonding peak to free hydroxyl peak (Figture 4.41). The complex 
with CaCl2 gives sharper peak of hydroxyl group than others. It is interesting 
to note that 18-CuCl2 gave the peak splitting which implied that the c = c  
conjugation also played the role in complexation.

Chirachanchai e t a l. (in preparation) reported that all of the 
benzoxazine dimers have intramolecular hydrogen bonding as observed from 
the single crystal analysis. The complexation should be induced controlled 
by the lone pair electrons of OH and N, while the former intramolecular 
hydrogen bonding was eliminated. The dimer conformation was another 
important point to be discussed. In the case of 16, the planar of two benzene
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rings are widely open, while two benzene rings of 17 show the stress and the 
bending of each ring to each other as referred to Chirachanchai e t a l. (in 
preparation). This may be the reason why the complexation of 17 is more 
significant than other types. The FTIR of 17 comparing to its complex is 
another evidence to support this explanation.

Figure 4.42 shows 22 and the 22-metal-extract, which the hydroxyl 
peaks are shifted and C-N peaks are also changed. This implied that 22 
formed the complex with Ba2+, Ca2+, and Cu2+.

3500 3000 2500 2000 1500 1000 500
W a v e n u m b e r  /  c m ' 1

Figure 4.40 FTIR spectra of 17, 17-BaCl2-extract, 17-CaCl2-extract, 
and 17-CuCl2-extract.
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Figure 4.41 FTIR spectra of 18, 18-BaCl2-extract, 18-CaCl2-extract, 
and 18-CuCl2-extract.

Figure 4.42 FTIR spectra of 22, 22-BaCl2-extract, 22-CaCl2-extract, 
and 22- CuCl2-extract.
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4.3 .3  E S IM S  Studies
A ccord ing  to the concep t o f host guest com pound, it is necessary  to 

c larify  th at benzoxazine  d im ers p resen t as an assem bly  includ ing  the m etal 
ion as a guest. Since E SIM S is a technique for quantita tive analysis o f  
protein , p ro te in -m eta l com plex, and the noncovalen t bonded ligand, it is our 
in te rest to apply  this technique for identification  the o f assem bly.

m/z
Figure 4.43 E SIM S spectrum  o f 22 w hen the orifice  w as 35 V.

F igu re  4 .43  show s m ass spectrum  o f pure m onom er 22 at orifice  
vo ltage 35 V  in  m ethylene ch loride solution. T he p eak  (M +H ) a t m /z = 300, 
w hich  is equal to the m olecu lar w eight o f d im er 22, w as observed. 
M eanw hile , there  are a series o f  peaks appearing at the m /z ะ: 600, 899, and 
1200. C onsidering  the in tensity , the tw o and three m olecu les o f  22 w ere 
p resen ted  as m ain  species in  the solution. It is know n that E S IM S  is a 
technique to determ ine M W  o f  low  M W  species (<2400) in so lu tion  state 
under the low  ionization  poten tia l energy. In this case, no t only  the m olecu le
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o f  the com plex  bu t also the aggregation or the cluster can  be  observed. Thus, 
the peaks at 600, 899 ,1200 suggested the assem bly  o f  tw o, th ree, fou r and 
five m olecu les o f the d im er 22. H ow ever, w hen the applied  voltage w as 70 
V, the re la tive  in tensity  o f  high m /z peaks, such as m /z = 600, 899 and 1200, 
w ere  decreased . This due to the high ionization  poten tia l b roke the self- 
assem bly  o f  22. T he observation  o f m /z at 164 ind icated  th at one side o f 
benzene  ring  o f  d im er w as rem oved ou t as proposed  in  Schem e 4.1 (a). T his 
m ig h t be  because  the in tram olecular hydrogen bonding  stab ilized  this 
fragm ent. T he  peak  at 135 suggests the d issociated  fragm en t show n in 
Schem e 4.1 (b).

Scheme 4.1 F ragm ent species o f  22 under orifice  vo ltage 35 V.

T he p eak  m /z at 166 indicated  th at one benzene ring  w as rem oved as 
p roposed  in  Schem e 4.1 (a). T his proposed  schem e is also supported  by the 
evidence o f  in tram olecu lar hydrogen bonding  form ed in the structure.
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Another fragment observed at m/z 135, suggested the dissociated species
shown in Scheme 4.1 (b).

m /z

Figure 4.44 ESIM S spectrum  o f 22 w hen the orifice  w as 70 V.

In the high voltage, at 110 V, the m ore fragm ents w ere generated  than 
in the case o f  the applied voltage at 35 and 70V. T his im plied  the sam e 
fragm en tation , as show n in F igure 4.45.

A ccord ing  to the results, the applied voltage at 35 V  w as found to be 
appropria te  to study the self-assem bly o f  22. Thus, the benzoxazine  d im er 
and m etal host guest com plexation  w as operated under the applied  orifice 
vo ltage 35 V.
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Figure 4.45 ESIM S spectrum  o f 22 w hen the orifice  w as 110V.

T he com plexation  o f 22 and m etal ions are show n in  F igu re  4 .46. It is 
po in ted  that 22-B aC l2-extract at applied voltage 35 V  did  no t show  the sam e 
dissocia ted  fragm en t as found in F igure 4 .43. T he fragm en tation  o f  22- 
B aC l2-ex tract indicated  that the com pound form ed the c luster as tw ice to 
seven tim es o f  d im er m olecu les. T he characteristic  peaks are m ean t for the 
com plexation  betw een  22 and barium  ion w ere found at m /z = 737, 1492 and
2230.5 . Since the atom ic w eight o f B a is 139.5 and the m olecu lar w eigh t o f 
d im er 22 is 299, the peak at m /z =  737 .5  suggested the com bination  o f  tw o 
d im ers and one m etal ion. M oreover, m /z = 2230.5 w as also enhanced  and 
can be referred  to the com plexation  o f 22 and m etal ions. T he m axim um  
aggregation  observed  from  the ESIM S w as at m /z =  2230.5. T his peak  
rep resen ted  the m ass o f seven dim ers w ith  one m etal ion. H ow ever, the peak 
at m /z = 1492 im plied  the aggregation  o f  five benzoxazine  d im ers w hich did 
no t include the guest.
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Figure 4.46 M S spectrum  o f  22 + B aC l2. w hen the o rifice  w as 35V.

F igure  4 .47 confirm ed the com plexes o f  cupric ion and 22 sh ow ing  the 
characteristic  peaks at m /z = 900, 961.5, and 2097. T he observed  peaks w ere 
related  to  the cluster three d im ers and seven d im ers as self-assem bly  
structures. C om p arin g  the spectra  betw een pure d im er 22 and  m etal-host, it 
w as found the peak positions o f  22 com bined  w ith  m etal at 961 .5. T he peak
961.5, thus, w as referred  to  the com bination  o f  three d im ers and one m etal 
ion.

In o rder to com pare the effect o f  ionization  po ten tia l energy  to  the 
m etal com plexation , 22 -C aC l2-ex tract w as stud ied  und er the orifice  voltage 
values, 35 V  and 70 V  A t the low er one (F igure 4 .48), the m axim u m  peak  o f  
m /z 2097 w as referred  to seven d im ers aggregation . T he spectrum  show ed 
the cluster form ation  o f  the m onom ers in the range o f  tw o to  seven d im er at 
m /z =  300, 599, 899, 1198, 1498, 1898, and 2097 c m '1, respectively .
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Figure 4.47 M S spectrum  o f 22 + C uC l2 w hen the orifice  voltage w as 
35 V.

F igure 4 .49  d isplays the decreasing o f  the m /z num ber at high value. 
T he  peaks at above m /z = 1500 d isappeared w hile peaks at 1497 and 899 
w ere  decreased  fo r the in tensity, significantly.
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m/z
Figure 4.48 M S spectrum  o f 22 + C aC l2 w hen the orifice  voltage w as 
35 V.
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Figure 4.49 M S spectrum  o f 22 + C a C h  w hen the o rifice  voltage w as 
110V.
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