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derivatives with more Jfifky/®oun’ extiibit low ion exlraction percentage due to the
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are successfully achievéd v Aatives and show the ion extraction

property for various alkali anl alkalfncedetlmetallions. When silane is coupled onto
silica, the benzoxazine Shoys % traction ability from that of
silylbenzoxazine. The silica sutface ol s Ibenzoxazines with bulky groups
exhibit high ion catfaction percentage which mav-Beldue to the loose packing
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CHAPTER 1
Introduction

ro ation Chemistry to Supramolecular Chemist

Separations of chemical species a

- (:tiﬁns of metal ions are concerned to be
important for the industries ang lobal guwironment. In the past decades, ion
separation by using iog_g¥ehange resin’ 4§ of the most practical purification
methods. Conventionally, asshewn if Figuee L, 101l exchange resin can be prepared
from the synthetic polyme

carboxylic, and phenghi€ of dtdino_gro e, “This provides ionic interaction

migtional groups such as sulfonic,

property with metal'io
2H,~CH—CHy-CH—CH,—

i -

’ ' CHaN(CH CT
B - = ¥ ICH;’] cr
—CH=CH;y - St e —CH—CH:—CH—CH;—CH~—CH;
m——— T ), CT CHaNICH, 1 CT

|-k" ﬂ

. u- (b)
Figure 1. amples of conventional ion exc ge resin, a) cationic resin,
}g- : : L
A AviEMineang

U
The ion exchange resin also has the advanmﬁ about recycle use@because the basic

o AL OLE SO 34 Ut od b b o
mntaﬂling various types of ions. However, traditional ion exchange resin has
reached its own limit for the sensitivity and selectivity when dealing with the

mixtures of similar ions or molecules.

Recently, the understanding of supramolecular chemistry at the molecular level has
increased rapidly due to the advanced technology of analytical instrumentation.



The concept of supramolecular chemistry contributes the guideline of molecular
recognition and is concerned to be an extended area for separation technology.

2. Supramolecular Chemistry
Originally, supramolecules can be claimed to the natural system when a specific

species'. The ideal structure of
supramolecules can pase pairing system®. This gives
the double helix of D “"“--. pramolecules are formed via
hydrogen bonding afid - purine and pyrimidine rings.
Thus, supramolecules arg nclusion compounds. The
inclusion or host-g olecular assembly of host
concave and guest cosive y forces®, such as hydrogen
bonding, van der Waals. alar or nonpolar attractive force,

and nt-m stacking”.
Artificial inclusion compounds have ree haattention under the approach of a
synthetic host cowipound tha: icnfe action to accept another

molecule or ion spécie €Fd, 3 Comes to the point that we

design a particular™molecule satisfying the conditiofis to form the host-guest

compound, m me e extension of the
research is t iﬂﬂcﬂ ﬂﬂhinn]ecular chemistry
by nmta!mg e bio-system orghatural supramolecules, so galled biomimetic
c BW@%&%W%@BW%}QSQOHm the unique
functiéhs in the new host molecules. In this way, we can expect the materials for
advanced practical applications such as drug delivery system and separation process.

Host-guest phenomena of urea and thiourea were first reported as the honeycomb
structure by Schlenk’,

In 1956, Clasen et al.® proved the concept of inclusion polymerization by using urea
and thiourea as host molecules for butadiene monomer. Pedersen reported the



interaction of crown ether derivatives with alkali and alkaline earth metal ions which -
becomes one of the most potential works for practical application since then. Up to
now, several works clarified the interaction of hosts with neutral moleculest’, or
monomer sl.'u.:vcin‘a:ﬂg or ionic species’. The applications of artificial host-guest were

then proposed as ultt‘a—hlgh purifications'®, microspheres'', polymer prodrugs'’ when

ater treatment'”, jon catalyst'*, when
polymer synthesis'* when guest

ural system can be categonzed
Macrocyclic host
molecules are defin€d a8’z it p of male s honded Covalently to form a cyclic

ring with a space to ¢ Sleculs 1 ost molecules are a group of

-i

molecules aligned in a specific m e e mbly giving a channel or layer

for guest. The unique § _ the fixed cyclic structure with
hydrophilic or hydrophobic __'

flexible structure baged

hile that of the noncyclic one is the

ar Waals forces.

'ka— e rral RRET BT

The known structr&s @t tbeyclic type can be raised
as nonactin, enniatin, yalinom obactin, w% for noncyclic types can be

raised as DNA, RNA ‘hehces ) MHEIGC{%IIG artificial host-guest compounds are

referred tu qﬂ rst second, and third
host generatigp, msmmﬁﬂm nuncymes th I- knnwn hosts are cholic
aci

TSN A

4. E& of Guest Compounds
In general, types of guests, can be neutral species, reactive neutral species or

monomer, and ion species. Crown ether is known for the ion dipole interaction to
form inclusion complex with metals depending on the polyether ring'®, e.g, 14-
crown-4, 15-crown-5 and 18-crown-6 with cavity diameter for guest in the range of
1.2~ 1.5, 1.7~ 2.2 and 2.6~ 3.2 angstrom, respectively. Up to now, many reports
clarified that crown ether can form complex with alkali, alkaline-earth metals, heavy



metals and so on. Cyclodextrin is reported for the inclusion phenomena related to
the size of the cyclic structure'’, i.e., a-cyclodextrin for benzene and phenol, B-
cyclodextrin for naphthalene, 1-anilino-8-naphthene-sulphonate and y-cyclodextrin
for anthracene, 1*m:iline-sinaphma!ene-muphanatem. Calixarenes are known to

interact with either ion species or neutral molecules. Calix-4, -5, and -6-arenes and

their major derivatives are kno lexes with metal ions such as lithium,

sodium, potassium and 50 rted that calixarenes interact with
4 . - " . +

benzene, acetone, diox i £thane _ dichloroethane in the ratio of

r.trted that cholic acid and its

derivatives entrapped alg \\u\*\ atives and vinyl monomers

vall : \
mostly in a ratio of 48T, | /

3. Clarification of IncluglondCabipoibn ’

There are many tecifiiqués fhat chin be , '

depending on the naturéof guest sb& i e,

of ions as guest species, the lpStguest &

¢ the host guest compound,
and neutral species. In the case
jotan be identified whether it is in

liquid or solid state.

il ‘H Smid* reported that UV
about e@mn surroundings as can be

UV/Vis can be applit
spectra clarifies the @ngi W)
observed from the pealgshifting.

ﬂﬁﬁl’él“flﬂﬂﬁﬂﬂ']ﬂ‘i

techniq@é is good for quantltatwe ana]ysm on the host guest ratio. Cram and

AT A

with K

Thermogravimetry Analysis (TGA) is one of the direct methods to clarify host-guest
stability and ratio. When the thermal energy is applied to the host-guest compound,
at some particular temperature, guest instability will appear and will release from the
host molecule. As a result, guest releasing temperature and amount of guest can be
confirmed by TGA. Miyata et al. applied TGA to evaluate host-guest ratios.



=

The development of soft and hardware make the single crystal X-ray analysis
become the most informative and reliable data to determine host-guest in terms of
structure, ratio, involved secondary forces and molecular stabilization. However, the
technique requires a complete host guest crystal with the least defect, hence, the
crystal preparation, especially w it comfes to polymer host compound, is the main

problem to apply this techs ue. Miyal succeeded in clarification the
movement of cholic acidhestchiannel ,Iame of the guest,

Powder X-ray Di . . -'\h J- the single crystal X-ray

analysis technique. . ASeriés f__. «" pa ify the host structure, host-

guest structure and thgihs host ﬁ\‘\‘;\ \a osts are varied>".

Mass spectroscopy 15 andthg mel fiod i ' s 1 formation about hust-gticsl

’\ \

complexation and the mibleghlar 3§ ost and the guest form a cluster.

Leize et al. noted that eledtrograsriass exhibited the metal complexes

between their compound entzapped Avith. iina and Kinumaki®® reported the

Shtwied the differences in
Y

fragmentation be V_ .
J )

6. Benzoxazine: A Novel Hest Compound o

W - { VX TE U [T Tt -

to that of cal::ﬂ!renes, one of we[l-k?ﬁwn host com gmmds (Figure b

NIUNNYINGTRY |
. p!

Calix[n]arenes Benzoxazine oligomer

complexation by

Figure 2. Resemble structures of calix[n]arenes and the open ring

benzoxazine oligomer.




The repeating unit of benzoxazine consists of the hydrophilic hydroxyl group at one
side while the hydrophobic benzene ring at the other. There are lone pair electrons at
oxygen in the hydroxyl group and nitrogen in the tertiary amine linkage at each
monomer unit, which is partially similar to the calixarenes. By varying the

functional groups, R and R’, we can control the hydrophobicity of benzoxazines.

Chirachanchai et al.’ repo BisphtayF; ed benzoxazine monomer and its
oligomer act as ionophore and-he s Nz . pounds can interact with ion
metals, alkali and alkalis ’ ility parameter of the organic
phase at 0.34 provides®sigafl ities for ionophore and the
concentration of iong ofCan £ -' 1@ jon extraetien ability. Phongtamrug er
al® reported that beaf e/ 1 -: er fo 155 mbly to entrap alkali and
alkaline earth metal 10p§ e i phefomiena. lon extraction ability is
depending on the fungfion f onomer. Techakamolsuk ef al.*®
demonstrated that benzaXa kali and alkaline earth metal
ions. The ion extractio ; ] ignificant when the structure is
modified to be ester derivativ , 19- mig late to the decrease of intramolecular

hydrogen bonding,
}M'

7. Molecular Design 0 .- on Resin

Based on the ion inte ctmn ahlllt:,r of bcnzﬂxazme itis an interesting theme to apply
benzoxazine j iw ial can be achieved
by either cu@w ﬂﬂm ﬂ:l ng with a stable material,
such as silica.

Hwﬁqﬁ\ﬂﬂ‘iﬁu UAANYIAY

t a silane coupling agent is an important binder used to reinforce
the bonding between silica and matrix resin. Silane coupling agents are monomeric
species, R-Si(OR");, where R is a reactive group with a polymer matrix and (OR") is
a hydrolyzable ester group. Ishida reported the chemistry of silane coupling agent
including the application of various silanes for composite materials.

Emst et al’® used *Si-NMR spectroscopy to quantify the anchoring of
3-chloropropyltrimethoxysilane and 3-aminopropyltriethoxysilane to the surface of



silica gel particle and reported three different types of surface bonds, i.e., covalent
linkages between the organosilane moiety by one, two, or three silanol groups.

8. Aminoalkoxysilane as an Amine in Benzoxazine Preparation
Ishida ef al.” proposed glass fiber reinforced polybenzoxazine composite by using
aminoalkoxysilane coupling agenb as gine in the method of benzoxazine

‘"“‘--.. e 15 Ssfnlly coupled onto benzoxazine

resin and promoting the adhesinbe glaﬁ polymer resin to obtain the

composite. However,

molecule by-product, : / \\'\\ \\ ie alkoxysilane. [f the
\I\‘ . ed and the gelation may

azme produces the water
alkoxysilane is hydroly#€d, i ¢ oligome \
occur. In order to avoidfthgse prablems, | \ noléeule is separated from the

product by using the nonpglar

9. Points of Interest of the'Prefe

In order to apply benzoxa ion extraction, we proposed two
strategies, as shown in Sche :-—,{'_fg{p Ut work™’, we reported the cured
. The present work proposed an

Y]

benzoxazines and the of interaction properties o benzo@zmi.s By coupling silyl

polybenzoxazine to ebtdin the benzoxazine resin

application benzoxazine t preparation of silyl

benzoxazines onto silica, dt is,expected that thessilica resin perform as ion extraction

material. ﬂ‘lJEl’J 'VIH‘VITWEI']ﬂ‘i
ot N3 LML L

part deals with the ion interaction ability of silica resin.

Here, silylbenzoxazines are synthesized employing the method of benzoxazine
synthesis with the use of aminosilane as the primary amine. The obtained resins are
applied as a stationary phase in the chromatographic separation system to determine
the ability of alkali and alkaline earth cation extraction.



Scheme I. Two strategies to apply benzoxazine as ion extraction material.
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CHAPTER 2
Experimental

1. Materials

Chemical reagents were purchased from the companies as follows, and were used
without further purification. Parafe ) g p-cresol and phenol were purchased
from SIGMA (USA). 3-Aminoj yitrictheipsiline, sodium sulfates anhydrous,

roducts of Fluka chemicals

2,4-dimethyl phenol, and

(Buchs, Switzerland). e purchased from J.T. Baker

-'llk- '- LITE "‘MLM
. ma| \ oride, potassium chloride,

ares obtain®d from Ajax chemicals
| \\yx N

c rurchased from E. Merck

Inc. (Phillipsburg,
sodium hydroxide &
(Australia). Barium g
(Germany). All solvegls wWerg s s Stocked over 4 A molecular

*ﬁf \\

;_ﬁf "_ -J"'

sieve before use.

2. Instruments and Eguipment
A e 4- b

Fourier Transfo nfrared
nd

Fourier transform % Bruker Equinox 355
speﬂmphotumetcr h 1€ ; F" In the frequency range of

4000-400 cm™'. Bothtéchniques on ZnSe plate and KBr .’J let were used.

Proton nuclear magnetic resonanced H-NMR) spegtra were obtaipgd from Fourier

TG E o B YA B oo v

dissolvéd in deuterated chloroform with tetramethylsilane as an internal standard.

Vortex Mixer

Vigorous shaking of the organic-aqueous mixture was performed by Vortex mixer
(GENIE-2, Scientific Industries).



Ultraviolet-Visible Spectrophotometer
Percent extraction of picrate metal salt was determined by Ultraviolet-Visible

Spectrophotometry, Perkin Elmer Lambda-16 UV-VIS spectrophotometer.

! mmined by an atomic absorption
spectrometer Varian SpecltAA=300. The Wﬁ lamps used were sodium

cathode lamp for sodiiffi, petdsSium catiic ur potassium, magnesium
cathode lamp for magn€si 1 | \\\\hﬁ barium, and calcium cathode
lamp for calcium. o soldtigh Siandard was preparcdiaccording to the analytical
method of Varian. .

Elemental Analysis

The percent elements Semies [I CHNS/O Analyzer with

combustion temperature & temperature at 500 °C and vial
receptacle for 1000 runs. ple Wi in foil and weighed approximately
for 1-2 mg and arial¥zéd under air atmospher

gas as a carrier gas

L

s with O3%s a combustion gas and He

DM T
oY

of chloroform was
measured into a 100 mL three neck flask, with continuous stirring. 3-aminopropyl
triethoxysilane (22.137 g, 0.1 mole) in 10 mL of chloroform was then added to the
paraformaldehyde solution, of which was heated to 85°C. The mixture was allowed
reacting for 10 minutes. Phenol (9.411 g, 0.1 mole) in 25 mL of chloroform was
further added into the reaction to proceed for 3 hrs.



L1

Scheme II Preparation of silylbenzoxazine derivatives.

OH 0" “N—CH;CH,CH:S{OCH,CHy);

, + 2 H;0

T N—CH,CH,CH:S{@@! , % ] N—CH,CH,;CH,S{OCH:CHy),
, + CHyCH0H
en R :-H and R : -H for 1
R;:-CH;and R::-H for 2
R, :-CHyand R>: -CH: for 3
The obtained soltioh was evaporated tc remove thetsetveont and then dried over
Y X ,

sodium sulphate aniye 5. n purified by vacuum

2 malerials to obtdidl a colorless liquid at room

UHINYNINYINT

ilyl-n- -3.4-dihvdro-6-methvl-2H-1.3 benzoxazine 2

distillation to removeunreacted starti)
temperature.

dimethyl phenol as a starting material, respectively.

Preparation of Silica Coupled with 3-triethoxysilyl-n-propyl-3.4-dihydro-2H-1.3-
i -3.4-dihydro-6-methyl- 2H-1,3-benzoxazine
5 and 3-tri silyl-n-propyl-3.4-dihydro-6.8-dimethyl-2H-1.3-benzoxazine 6

3-Triethoxysilyl-n-propyl-3,4-dihydro-2H-1,3-benzoxazine (8 mmol, 3 g) was stirred
with silica (1 g) and heated to 200°C without solvent for 3 hrs to obtain yellow silica

benzoxazine 4. 3-triethox




12

particles. The product was washed thoroughly with chloroform to exclude the
unreacted silylbenzoxazine and THF to eliminate the physisorbed silane on silica,
followed by drying in vacuo at room temperature for 3 hrs to obtain a light yellow
powder. Similarly, 5 and 6 were prepared as the procedure of 4.

lon Extractio ies
Ion extraction property
silylbenzoxazines, 1-3. CHIGHdE salts of liths ity s0dium, potassium, magnesium,
M. of picric acid and 0.1M of
V absorbance at 354 nm

gchnique (Scheme 11I) for all

calcium, and barium ions ag
ion salts were dissolved L@
prepared by dissolving
of 7x10°M, 7x107 M,

becomes one absorbaic
each monomer, 1-3, iw
and 7x10"'M.

Scheme IIT Pedersen's evaluation of ion extraction

’ crate salt (PiM")

H03
aﬁ“ﬁ"“ﬁ?ﬁ“ﬁ UURENYIAY

CHCl + Host \
M®, Host, Pi’



lon extraction was studied as follows; 5 mL of aqueous alkali or alkaline earth
picrate salt solution and 5 mL of benzoxazine solution were mixed vigorously for 1
minute. The mixture was left at room temperature till the aqueous phase and organic
phase were completely separated. The aqueous phase was taken to determine the
metal ion concentration by atomic absorption to quantify the amount of the picrate

ion.

The concentration of silylbenzas Aphiase was varied to clarify the

capability of benzoxazine®851 Lo mpound. CXfraction.

AULINENINYINS
ARIAATAUNINGIAY



CHAPTER 3

Results and Discussion

In order to obtain silica suiface modified benzoxazine, amino silane is considered as
an effective coupling agent hecaue aming group is required in the preparation of
benzoxazine while siloxane bonds: "In e &)r coupling onto silica surface.

1. Characterization of SilvIbenzarazine

Phenol, p-cresol and 2,4 has starting materials and reacted

with 3-aminopropyltrieth
The obtained silylbel
Theoretically, the as
1104 cm™ and 1080
and 958 cm,

\ ilylbenzoxazine derivatives.
med by FT-IR as follows.
e ethoxy group appear at

p strong bands at 1168 cm’’

It is important to pay caution : an he readily hydrolyzed by water.
In this method, the yatepprodiced durn gsis will be separated from the

product phase by 'i,""'""?"-"‘—ii- T ”"""““*’"'“ # eNZoxXazine monomer 1s

not soluble in ".!-rahe;mj eﬁwll remain unhydrolyzed.
Thus, there are no b related to the siloxane mode in ffe region between 1130 em’

B o 9) 1 ﬂﬂmﬁw ey
pmduﬂti,sn:% er r'm h¥'p cterized as follows.

FT-IR (KBr, cm™): 2975 (CHgstretching), 2928 (CHastretching), 2886
(CHj:stretching), 1489 (oxazine), 1240-1020 (C-N-C:stretching), 1227 (C-O-
C:stretching), 1168, 958 (-OCH,CH,), 1104, 1080 (5i-O-C: stretching), 956 (Si-
OC;Hs)
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'"H-NMR (in CDCl;, at 25°C, ppm): 0.63 (2H, t, C-4), 1.19 (3H, t, C-6), 1.65(2H, m,
C-3), 2.73 (2H, t, C-2), 3.77 (2H, q, C-5), 3.95 (2H, 5, C-7), 4.83 (1H, 5, C-1), 6.76
(1H, d, C-9), 6.90 (1H, d, C-10), 7.04 (1H, d, C-8), 7.08 (1H, d, C-11)

TLC: Ry (5%MeOH : CHCl;) = 0.8

Yield = 89.7%

Absorbance

500

o

0 ppm

Figure 3. FT-IR (a) and '"H-NMR (b) of 1.
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1,3-benzoxazine 2
FT-IR (KBr, cm™): 2975 (CHi:stretching), 2928 (CHastretching), 2886
(CHg:stretching), 1502 (oxazine), 1240-1020 (C-N-C:stretching), 1228 (C-O-

C:stretching), 1168, 958 (-OCH.CHa), 1104, 1080 (Si-O-C:stretching), 956 (Si-

Absorbance

WLRVLER
A |
.u_ll Ml t ]

2000 1500 1000 500

Jﬁumwﬂmwmn i
ARIBNTBNIINGRY | |
n Lo

......................

Figure 4. FT-IR (a) and '"H-NMR (b) of 2.
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'"H-NMR (in CDCls, at 25°C, ppm): 0.65 (2H, t, C-4), 1.21 (3H, t, C-6), 1.67(2H, m,
C-3),2.22 (3H, s, C-9), 2.73 (2H, t, C-2), 3.82 (2H, g, C-5), 3.93 (2H, s, C-7), 4.82
(1H, s, C-1), 6.66 (1H, d, C-10), 6.79 (1H, s, C-8), 6.91 (1H, d, C-11)

TLC: Ry (5%MeOH : CHCl3) = 0.9

Yield = 87.6%

Absorbance

Figure 5. FT-IR (a) and 'H-NMR (b) of 3.



FT-IR (KBr, cm™): 2975 (CHsstretching), 2928 (CHj:stretching), 2886
(CHjy:stretching), 1486 (oxazine), 1240-1020 (C-N-C:stretching), 1228 (C-O-
C:stretching), 1168, 958 (-OCH,CHs), 1104, 1080 (Si-O-C: stretching), 956 (Si-
OC;Hs), 868 (1,2,3,5 substituted)
'H-NMR (in CDCl;, at 25°C,
C-3), 222 (3H, s, C-9), 220,
3.93 (2H, s, C-7), 4.82 (
TLC: Ry (5%MeOH : GH
Yield = 85.8%

.21 (3H, t, C-6), 1.67 (2H, m,

), Gl 1), Zaeidet, C-2), 3.82 (2H, g, C-5),

{IH, 5, C‘E}

For the adsorption of (e Silanc: coupling! Y silica surfaces, any

2. Characterization of Bengoxag

organotrialkoxysilane may coglensg with o 0, O three silanol groups, to form
one, two, or three surface bonds g added to the agueous solution of
the silane coupling agent to obtai :"'i‘-‘.-,.. mod In this work, silylbenzoxazine
monomer which has stlanol functiona hel silica surface in the

solvent free system to"aVio

NININTINS

FT-IR (KBr, em'): 2975 (CHystretching), 2928 (CHystrefching), 2886
e RTINS TR P o
B Y alit

Anal. caled. (assuming all alkoxy groups are hydrolyzed and all the silanol groups
are coupled with the silica surface): C, 38.94%; H, 4.13%; N, 4.13%.

Found: C, 37.24%; H, 4.41%; N, 4.44%,



Structural Characterization of Silica Coupled with 3-triethoxysilyl-n-propyl-3.4-
dihydro-6-methyl-2H-1,3-benzoxazine(5

FT-IR (KBr, cm™): 2975 (CHj:stretching), 2928 (CHa:stretching), 2886
(CHa:stretching), 1503 (oxazine), 1228 (C-O-C:stretching), 1130-1000 (Si-O-
C:stretching).

Anal. caled. (assuming all alkoxy grow

ed and all the silanol groups
are coupled with the silica :'-:. ' 2386, N, 3.97%.
Found: C, 37.52%; H, 5.18%; N :08%. Z—

=
Structural Characterizati ol le “‘!’l-ﬂ-mm*l-ldl-
dihydro-6,8-dimethyl-2E M}’ 4 K\\ N

FT-IR (KBr, cm™): 2975 (@, shing), 2886
(CHj:stretching). 1490 (oxagine 130-1000 (5i-0-
C:stretching).

d all the silanol groups
, 3.81%.

Anal. caled. (assuming all alkc
are coupled with the silica surffice

Found: C, 38.42%; H, 4.07%; N, kR0 . '
As shown in Figure v—— _{.;,’:.".{ contribution of the
silica znd emphasizes =I'!
benzoxazine bands at 1504, 4491, and I4E?ﬂm“j are found, indicating that the

— TGO R A

bands due to cthal}r group, i.e., 291‘} 2928, 1390 and 956 cm’ dlsappf:ar or

@ CA 1370 ek | L
funnatmnt" es ese indicate that the silylbenzoxazine derivatives

are coupled onto the silica surface. Thus, the amino silane coupling agent used as an

)
e surfage

species. Here, the

spectral Teature™ o

amine in the benzoxazine preparation provides the possibility to be used as a

silylbenzoxazine for modifying silica surface.
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Figure 6. FT-IR specii of, f!‘s- xysilyl-n propyl-3,4-dihydro-2H-1,3-
benzoxazine JES-B) < hoXysilyl-n-propyl-3,4-dihydro-6-
and C) 3-triethoxysilyl-n-propyl-

e 3 on the silica

.3 -DENZO K2

e clusion.
|
I

U

On the assumption of all ﬂiﬂnxy&ilanes cmﬂjng onto silica surface at a monolayer

coverage, the cﬁa%mw E\ﬁ Wﬂﬂeﬂﬁz.m for the three

surface-treated dilica, 4-6. Based on the elemental analysis results, it is found that

N WL NP (201 Pt T

further, the majority of the ethoxy groups are hydrolyzed.

3

lon Extracti

Pedersen’s technique is applied to study the ion extraction property in liquid/liquid
system. As shown in Scheme III, normally, picric acid can form picrate salt with
metal ions in aqueous phase due to its very large acidity constant. The picrate salt




will be presented in aqueous phase and gives the yellow color to the phase while the
organic phase is colorless. If the benzoxazine provides a structure as a host molecule
and acts as an ionophore, when benzoxazine is added to the system, the picrate salt
will be shifted to the organic phase as soon as the host-guest compound is formed.
Thus, ion extraction can be investigated by determining the changing of picrate

W -Vis spectrophotometry at the
rabsnrption at the emission

As shown in Figures 74 and®™ Auligh the imer Goricetration is increased, the

concentration in aqueous phase
absorption wavelength of
spectroscopy of metal picra

percentage of ion extractjs
100 _ :
T 80
1 A
S 60
7]
£
% 40 |
w 7 E .
20 W< C I 8
* .o ¢ o * *
0 1
qIL:!i jal t; ﬁ l' ai'

o 2+

AR IUINANINY., ..

silylbenzoxazine 1, when the concentration 1s varied at 4)

0.007M, W) 0.07M, and A) 0.7M.
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Figure 8. Extractigh pgfcgntapeof M'][Pic’] = 7x10° M by
silylbe ne 2 the Sentration is varied at )

0.00

100

(=]
(=]
1

Extraction(%)
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u'ﬂ‘lJEl’J‘VIEWIﬁWEI'Lﬂ‘ﬁ
m’]aﬂmmwﬂmwaz

Na* K* Mg* ca® Ba®*
Guest

Figure 9. Extraction percentage of metal picrate at [M"][Pic’] = 7x1 0°M by
silylbenzoxazine 3, when the concentration is varied at #)

0.007M, M) 0.07M, and A) 0.7M.
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Thus, the ability for ion entrapment of silylbenzoxazine depends on the monomer
concentration. Considering each monomer at 0.7M, silylbenzoxazine 1 shows slight
selectivity for Ca®" while silylbenzoxazine 2 for Mg®* at approximately 80%.
However, silylbenzoxazine 3 does not show high ion extraction percentage and the

ion selectivity is not significant as compared to 1 and 2. It should be noted that

Thus, the ion interaction may e achégi B galligsing silylbenzoxazine unit as a
host compound to conSft seen in the reported case of

pseudocyclic calixaren

However, difference j

OXAZ) p\\ \ iesence of methyl substituent
Scaaber \k e difference in ion extraction

slcrfed assembly structure to form a

group and its location
behaiur can be considerg
host. In the case of 3% S and a long chain alkyl of N-
substitution group, the mé be difficult to form because of the
steric hindrance by the bulky

is low. In contrast4/can fi Iy by the sta
— :

J )
Although it further requirgs, other analyticabstudies such as, 2D-NMR, single crystal

o ol L 3 H s e -

schematic strfétures. As shown i in Figure 10, 1t is expecred %whm the bulky

W ﬂ ﬁ "LTE E‘lbenzuxazme
beco e host guest intera mn is we.'ak and metal ion cannot

be entrapped efficiently.

the ion extraction percentage of 3

pEing conformation to allow

1
-

the metal ion entra
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RIAINIUUNINY A Y



25

5. Jon Extraction Behavior of the Silylbenzoxazine-modified Silica Surface

100
80

Eu-

4“,-

Extraction(%)

201

A H 9 10
‘\\
Figure 11. Extractig M [Pic] = 7x10° M

s i-: \\

The ion extraction of Stlita an pxazine coupled silica, 4-6, for

alkali and alkaline earth met: 2rmined by atomic absorption

spectroscopy. The suffac lica “column and column

chromatography was ugsd
100 =

B ANYNINYINT

oY

v Rl alum e adp

w 70r

utll!
2 3 4 5 6 7 8 9 10

Repeat Times

Figure 12. Extraction percentage of metal picrate at [M*][Pic] = 7x10°M by
4 for for Na* (@), K* (#), Mg®* (M), Ca™ (A) and Ba™" (%).
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Figure 13. Extrattioglpefeentdge of

5forNd" (#), 4 :’+ ' ,Ca""(A) and Ba™ (*).
100
'% -IB ° '; : ; o
™ * 'Y x b * > ik =
£ 8 | fa .Y
= ﬂuUQﬂﬂﬂ§WUqﬂﬁ

AR TUNM NS

1 2 3 4 5 6 7 8 9 10

Repeat Times
Figure 14. Extraction percentage of metal picrate at [M|[Pic’] = 7x10”°M by

6 for for Na' ( @), K™ (#), Mg”* (M), Ca®* (A) and Ba®" ().
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pigrateat [M')[Pic] = 7x10" i by
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Figure 11 shows that, in the case of pure silica, little picrate metal ion is observed
even if the silica is used for the adsorption process many times. However, Figures
12-14 show silylbenzoxazine derivatives coupled silica (4-6) for 80 to nearly 100
percent of ion extraction. Here, it should be noted that the first to fifth repeating
time, the extraction percentage is not stable. This may be due to the effect of the dry
surface, which makes the ion interac i f plvent poor. After the adsorption

A
% \

L |

TV i

mes{ e Canstant extraction percentage is

]

process was repeated more than

e
obtained. Considering the.gffect-of the *!bﬁﬂmcm, the compound 4
with less bulky group sHOWs the“ioh exiraction abilifV"around 65-83% while the
compound § with one “MCthl oaoun’ sholys & \ _ *\ compound 6 with two

methyl groups shows the centage ab82-95%.
Unexpectedly, the results ag€ ig AsiAo. e oF il pengoxazine without silica, In
the present case, a propyl gr@tip/exit : . silica and benzoxazine to
promote the mobility of the begzoxa -.-u‘?.-.ﬁ“ "L amrug ef al. reported that the
monomer with bulky group“ex -; raction percentage. The bulky
structure of the benzoxazine on.the silica 5 s loosely and provides cavity
for the metal guests. T —
. Y |

In the present work, inm'der to explain these ehaviurs,@e proposed structure is
shown in Figure 15. The siligasurface modifi@davith silylbenzoxazine without bulky

goun .t 5fE] S} DIBEIIAT WSS ATVS et ro o

silica surface to, er with the stacking conformation of be i ;
&lh lgng . n{: b nzoxa@e monomer

A RN NN AR =

As are ion extraction behavior is observed. As a result, ty of ion
extraction of silica surface modified benzoxazine is in the order of 6>5>4.
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Figure 15. Sc atic draws for stivIbenroxazine # ivatives, a) compound

4, and b gempound 6.
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CHAPTER 4

Conclusions

Application of aminoalkoxysilane as an alkylamine in the preparation of benzoxazine
compound proved to be a successful key tq prepare silylbenzoxazine precursor. In
the present work, three types of si
synthesized successfully as cha i

vith different benzene ring were
IR FT-IR. Although the main
purpose of the project is ability of silica surface
modified benzoxazines, it is
shows the metal ion interagsi@
the silica surface. At p
ability as quantitative ai

both analysis methods sug _ e
ion under the condition of st forceitratia

y v hether silylbenzoxazines

m:s before coupling onto

s shows ion interaction
tion. The results from
atives interact with metal

\ sttuctures of silylbenzoxazine

itself. The higher the concenty f moredes extraction ability was found. The

less bulky benzene ring gives higl On percentage as compared to the

high bulky one.

X

'l
U

7
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CHAPTER 5
Future Aspects and Work Extended

The present work clarifies that silyl benzoxazine monomer can be successfully

coupled onto silica. The benzoxazine menomer functions as a host to entrap various

metal ions. However, the interaciion b gnbafizoxazine monomer and metal ion
is operated under individual "benzoxa thus, to enhance the guest

"-w-: ed silica. The work should

challenge from the studies guathit pfenguation \ benzo xazine linked with silane
functional group followed i L) ¥ redction onto -.; surface. The wvarious
designs of oligobenzoXazingfing feénles ;:'-f. d'bring amovel type of ion extraction

Those strategies have beeg ng fromstudying the synthesis of
controlled structure oligobenz@Xazidés.  How W@ reaction conditions are more
complicated than expected. Theréwefound § portant phenomena related to the
unique reaction of bepzoxazi &~ Oligobe s, canpot be polymerized as
theoretical propose b G“‘W—m"%ﬁ' reaction to be dimer
(in preparation). Moreoy step of oligomerization,
the dimer gives an incmp]ete reaction to be an ﬂ}meﬁﬁ{: structure, so called
monooxazine ( iﬂ P%’ nd Tashiro, K.,
Asymmetric Mﬁﬂﬂ m rﬂ ﬁmjﬂﬁmh Reaction of
Benzoxazine Dlmers,J Am. Chem. So€., in press).
’Q ®IRINIUUTAIINYIAY

The two hermmena were discovered when we extended the present work to
coupling oligomer onto silica surface. The analytical results (NMR, 2D-NMR, FT-
IR) implied that we obtained monooxazine dimer coupling onto silica rather than
simple dimer or trimer. At present, we are focusing on those reactions and potential

application based on the silylmonooxazine benzoxazine dimers we obtained.
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Silica Surface Modified with Benzoxazine-functional Silane
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Introduction

Ton separation process by USIZTinn peen one of the most
practical purification methods. Y SR HIONTS i {‘-__-_ can be obtained by
incorporating active functional BF6UpS : , e phenalic or amino
group, etc., which provide the sig operty with metal ion,
into polymer structure. InclUSion g d reecived ruch, aiffhtion owing to its
specific properties  induced nderstanding of
supramolecular struciures d vel iy ganby B, of molecular
recognition which is considered 1 ghdodrares of Separalion firgcess, as secn in the
cases of calixarenes and crowi cller. o wE : ‘ lecilar design of

benzoxazine based on the res mianstrated the potential
ion recognition property for variél s present work concerns on the
practical applications o, venZoxagifc Mecrivaliyes & 0 action material.  The
uniqueness of the study is the pgép: ‘ ' ,' silane and coupling
onto high surface area silica to dbtaighh gnal “ti a powder. The study is
extended to the ion extraction ability f‘r’,f e

Experimental TS

A series of silylbenzexazi ynomers with di joupsat ortho and para
positions on the oXazigEs Fing —arc prepare d  from f henol ¢ s ives and 3-
aminopropyltricthoxysilanel "JTlie coupling e’ gnto silica was

Scheme 1 : g echicved by

i ™ Nl SO ——— ul| heating to 200°C

" _rane Mg @_m. R g = without solvent
TS for 3 h (Scheme

- f»t,u AN e g

chlnmfnrm and THF The characterizations gvere done by FTIR, NMR, and EA. lon

%ﬁ’%}iﬁﬂmﬁ?&ﬁ?ﬁ’ el A

was shaken with 5 g of each silica-silylbenzoxazine, for 3 minutes in a column at room
temperature, The solution was drained and the procedure was repeated 10 times with fresh
picrate ion solution. lon extraction was evaluated by the change of picrate concentration in
the aqueous phase observed by UV/Vis and AA.

Results and Discussions

Figun: 1 shows the FTIR spectra of various benzoxazine-functional silanes. Thc
asymmetric 5i-0-C stretching modes of the ethoxy group appear a1 1104 and 1080 cm’.

74

36



The ethoxy group shows two strong bands at 1168 cm™" and 958 cm’ !. Spectral subtraction
reduces the contribution of the silica and emphasizes the spectral feature of the surface

%?

c
1700 1500 1300 1100 %00 70O 500
Wavenumber{em”) _
Figure 1. FTIR spectra of, A) 3-tricthoxystiyls
propyl-3.4-dihydro-2H-1,3-benzoxazine
triethoxysilyl-n-propyl-3 4-dibydro-6-methy ,ﬂ'
1,3-benzoxazine 2, and C) 3- tricthoeysily
propyl-3,.4-dihydro-6.3-dimethyl-24

benzoxanne 3.

B ¢ T T |

I;#' }‘-" A , B

species. Here, the bcnmanc bands at 1504,
1491, and 1489 cm’ were found, indicating
that the coupling procedure with benzoxazine
ring was successful. The subtracted spectra
between the silylbenzoxazine derivatives
treated silica were identified. The difference
pwed that the bands due to ethoxy
j, 2928, 1390, and 956 cm

se in intensity, whereas the
70 cm’! appear due to the
gages. These indicated
derivatives were

SPECLrUm &

FOnled an = il rTac
i ion study of
of picrate metal 1on is

e e e enaf “alica 15 used for the
100 /;f_l’.. 3 process), maay Mifes.  However,
- il yfhenzoaine, derivatives " toupled silica
80 Sear] ‘ cenbof 1on extraction.
L W :
g lime, the
L o

%% Extraction
-
|

3 |
-E i i
T0r &
o i l
USSR [ W JUSSY TRNNET MM SN

1 2 3 4 5 6 7
Repeal times

Figure 2. Extraction percentage of metal
picrate (75107 M) by 4 for Na*(#), K'( W),
Mg"(A), Ca™(®), and Ba™ ().

compound 5 with one /|
groups shows the highest ion s

Conclusions

dslirface modified w

table. This may
w surface, which
raclion. After the
ted more than five
aclion percentage is
the effect of the
fructure, the compound 4
shows the ion extraction

(Figure_2) while the

o h) two methyl

.*l

Silica surface nwdim benzoxazines were sumsfullﬁmhmmd via

ith'benzoxazine derivatives with

silylbenzoxazine derivatives and shi:wnd the ion extraction pmpcrty for various alkali and

alkaline earth metal 10
bulky groups :xhibuﬁ
packing structure of th
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A NOVEL ION EXTRACTION MATERIAL DERIVED FROM BENZOXAZINE
MONOMER AND DIMER COUPLING ONTO SILICA SURFACE
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ABSTRACT

Silica surface modified
bulky groups at ortho and pa
amino silane as an amine
elemental analysis clarify the 3
the products coupling onto sili
metal ions are carried out by Pede
metal picrate extraction by fumed si
benzoxazine monomers are 75-90% =

limers having different
are synthemzed by using
FT-IR, '"H-NMR and
32 5 al silane precursors and
“iotraction studies of various picrate
column chromatography. The
“15%, while by surface modified
h_disubstituted at ortho and

para position on phenol dhg ¢ L ' Waltility. In the case of
benzoxazine dimer, the g Teaction i @' hinique asymmetric-
structured monooxazine pathwa: X R and FTIR. The
percent ion extraction by -1[ oxazine di ASIC conditidndis higher than that in

acid and neutral conditions.

INTRGDUCTIﬂNﬂnu ﬂ ’J qn E] ﬂ jﬂﬂ EI ﬂ ‘j

Separations of chgmical species and extraction metal 1ons are important for
industries and global environment. In thé past decadesmjon separationgby using ion
Syl le el KoL e
Conventiona sided active
functional groups, such as sulfonic, carboxylic, and phenolic or amino group, etc..
which provide the site for the ionic specific interaction property with metal ion into
polymer structure. However, traditional ion exchange resin' has reached its own limit
for the sensitivity and selectivity when dealing with the separation of ion mixtures.
Recent understanding of host-guest compound at the molecular level contributes to the
theory of molecular recognition. Host-guest compound is, thus, considered to be an
extended area for separation processes, including ion separation, as seen in the cases of
calixarenes and crown ethers’.

Recently, our gruug has proposed the structure of oligobenzoxazine to be one of the
inclusion compounds” according to its repeating unit, which resembles to that of



calixarenes. The property of benzoxazine as a host compound was clarified for the ion
interaction ability with alkali and alkaline earth metals.

The present work, thus, aims to study on the application of benzoxazine by
functionalizing silica surface with benzoxazine monomer and dimer. The target of this
work is also to clarify the ion interaction ability in order to establish a novel ion
extraction resin.

EXPERIMENTAL

Preparation of Silica coupled h  3-ttietlios il yl-n-propyl-3.4-dihydro-2H-1.3-
benzoxazine 4, 3-triethoxysilyl-n=propyl-3.2 ﬂ ethyl-2H-1,3-benzoxazine 5
and 3-riethoxysil--propyl-3 et . Jimc PRI, benzoxazine

The general method of silylbenzoxasme syn sasshownin Scheme I (Eq. 1). The

0

H !
R R
2 CH0 @ Eq.I
——— -
NHHCH2I35W0E)3 .
e % H and Ry : -H for 4
= N = ity “SCHG and Ry @ -H for §
Ry :-Hand B3 -H i - By | R dRy:-CHyforé
R. CHyand R; : )
: -CH; and RogCH ¥ Jid
I
» N—IEHI_;SHUEH .

%\@E NHACH;)S(OEt )y .-
v

7

«0 5@)

N .* i et al'. Compound

[

precursors for 4, 5 and 6 wWeTe
4 (8 mmol, 3 g) was mixed ¢} without solvent for 3
hrs to obtain yellow silicacparticles. e product was adhed thoroughly with
chloroform and THF, f'u]lawetk drylng in vacwl room tcmperarure for 3 hrs 1o
obtain a light yellow p : ;

Preara:mn of N-

mcth lbe vclohe ]ammm th - Ih 3.4-

dihydro-3- ﬁ!:%fﬂﬁﬂ!:ﬁ?‘:fﬁ! &-{Ihhmw‘t’ﬂﬂi E‘j enzvl

Compound 7 was prepared am:ordmg to Laubuthcc et al * and used as a precursor to
prepare the compound 8 (Scheme I, Eq.2). Paraformaldehyde 0.60g (20 mmol) in
CHCl3 5 mL was mixed with 3-aminopropyltriethoxysilane 2.22 g (10 mmol) and stirred
for 10 minutes at 40°C, followed by adding 7 (3.39 g in 20 mL CHCl;). The reaction
was refluxed continuously for 6 h. The solvent was removed and the crude product was
purified by a column packed with silica gel using mobile phase CHCI; : CH:OH (19:1,

v / v) to obtain the yellowish viscous product 8. Compound 8, 4.5 g (7.7 mmol) was
mixed with 1 g fumed silica in 5 mL of xylene. The mixture was refluxed under N for
overnight to obtain yellowish silica. The product obtained was washed thoroughly by
xylene, ethanol, THF, and ether, followed by drying under reduced pressure at 40°C for
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2h to obtain 9.
Ion Extraction Studies

The ion extractions of compounds 4-6 were determined by using picrate salts of
lithium, sodium, potassium, magnesium, calcium, and barium at the concentration of
7x10°M. Six mL of picrate solution was shaken with 5 g of each 4, 5 and 6 for 3
minutes in a column at room temperature. lon extraction percentage was evaluated by
the change of picrate concentration in the aqueous phase using atomic absorption

spectrophotometry. The procedure was répeatéd for 10 times. In the case of compound
9. zinc, cadmium, manganese, and lead ° Nere U A etal ions at the concentration of
1 x 10* M in various buffer solutions ; 8d were pH 3.4 (formic acid /
sodium formate buffer), pH 4.6 &1 (aceljp acig/sOfilim acetate buffer), pH 7.01 and
8.1 (KH,POs /K;HPO4 buflcgjpH 9 s d..10.0 (ammonium hydroxide
fammonium chloride buffer). etk ofibuficrion solution was mixed with 0.05 g

of 9. After shaking for asfii eous phase was taken to
determine the ion concentra aleudié absorption specirophotometry.

31-0 C stretching modes of
group was confirmed from
subtraction technique, the
,' 1489 cm” indicating the

FTIR results of the prod
the ethoxy group appear at
two strong bands at 1168
benzoxazine bands were coff

successful coupling reaction.
e ion extractions of 4-6 for

100

o5 b alkali and alkaline earth metal
e ere mpared with that of

o g0 F A &
- A _ Pure silica shows a
E 5rm w ™ : Blon extraction (20%)
E Wi o u [ ﬂ show above 635-90%
X st (Fig. 17* Compounds 5 (with a
= | methyl group at para position of
ﬂ u ﬂ ’J w ﬂ ﬂ j Imm 6 (with methyl
= ; ortho and para
UT' " positions of phenol unit) were
ignificant
AL eI il e
Fig. 1. Exgraction percentage o (without any substitution group).
5 (M), and 6 (A). The extraction behavior might be

based on the fact that the bulky
structure of the silylbenzoxazine (i.e., 5 and 6) leads to the loose packing structure and
induces cavity for metal guests.

FTIR of precursor 9 showed the intramolecular hydrogen bonding observed from the
broad peak from 3100~3300 cm™ and the oxazine peak at 1503 cm™. The benzoxazine
dimer was confirmed by 1498 cm™ belonging to -C-N-. The silane group was also
confirmed from the sharp peaks at 1104~1080 cm™ for Si-0-C and 916 em™ for Si:
OC;Hs. 2D-NMR and FTIR implied the unique structure of the monooxazine® coupling
on the silica (Scheme I, Eq.2). The coupling of the precursor onto Si to obtain 9 was
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Absorbance

2.

3.

4,

3

confirmed by DRIFT FT-IR peak
/r\ subtraction technique. Figure 2

(bottom) shows the peak of Si-O-51 at
L/\_,J'\ 1030 cm™, including the monooxazine
peak at 1503 cm™ and the open ring of

benzoxazine at 1489 cm™'.

'I'he ion extraction ability of 9 was
i comparing with that of pure
silica gives ion extraction
‘hile 9 in acidic conditions
n 20% and in basic

1600 1200 : ditions, gxh 1t even at 70% for Pb™"
Wavenum ‘;“* ~ :.‘ ion f:xtra-::tmn
Figt 2. DRIFT FT ngef i 6f 13 L S i ; H' uﬂd to b¢ Pb }{:d-
g \\\

(top); pure fumed siliga
peak subtraction of 3 a

silica (bottom). '
ne  derivatives with

80 -
ywgroup on benzene ring

n thesized employing

el ne as a primary amine.

surface modified with
monomers exhibits the
tion ability depending on the
TIONnomer. The
- & 8 | benzoxazmedmirtoupling onto silica
d by using a molecular

20 fed lmn our previous studies
‘ ‘- out monooxagine-typed benzoxazine

0 . wgr. The ion extraction ability of
2 ﬁ nds on pH and
EI V] wwmm;g e Studied

Fig. 3. Percent e@actm of 9 in vannus ions.

pH values; for P Qﬁ ) for Cd®*
e a w 5 m u E ﬁﬂﬂqfan ﬂm’i:m"t’-

Theory tmaa Practice, Cambridge, University Press Camhndge 1994,

(a) V. Bohmer, Angew. Chem. Int. Ed. Engl. 1995, 34, 713. (b) H.T. Moon,
Supramol. Chem. 1993, 1, 327. (c) C.J. Pedersen, J. Am. Chem. Soc. 1996, 89, 7017.
S. Chirachanchai, W. Siripattanasarakit, and H. Ishida, J Appl. Polym.Sci., 2000, 77,
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Silica surface modified wi functional silane

S\

SUWABUN CHIR ACHANC it pNEINGRUE TH# ATHANANONT',
APIRAT LAOBUTHEE ' and /—"/ SHIDA *
! The Petroleum and Petrachemical e, ;h versity, Bangkal 10330, Thailand

2 Depariment of MacromoleculaPScicyg#h it G s Reserve Universiry,
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Abstract—Silica surface modified @th 8l LRI & 8 different bulky groups
at orthe and para positions on o ing ni TR opyl-3.4-dihydro-2H-
| . 3-benzoxazine coupled with silica (4 oy el ) 45 hydr o-6-methyl-2H-1,3-ben-
zoxazine coupled with silica (5), #fd ¥ by l-3.4-dihwdro-6,8-dimethyl-2H-1,3-
benzoxazine coupled with silica (6) are. . i ics ol #bn extraction resins. Fourier
transform infrared spectroscopy (FT-185 and # ! pport the successful coupling of
benzoxazine-functional silane onto silica surl: ftion studies of various alkali and
alkaline earth metal jons from aqueous phis ¥ ‘ gilica column chromatography
shows the significant ion extraetion ompar d (5

-

Keyvwaords: Benzoxazine; sila ?_ A

Iy} I
L. INTRODUCTION

U ANUNSHEINAST e

control, and puriﬁcﬂon. lon exchange resin is a practical material for various

separation e dug to the simple c nge.
be done u Wm ajre achio %}:
exchanger) id"c i idn |' |.¥ Traditronally,

is developed Trom a synthetic polymer containing active functional groups, such as
sulfonie, carboxylic, phenolic, or amino groups, that create in the resin a specific
interaction with certain metal ions. Though ion exchange resin has been widely
used for over three decades, the ultra-high selectivity of a specific ion is still the
major goal for development.

*To whom comrespondence should be addressed. E-mail: csuwabun®@chula.ac.th
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2 8. Chirachanchai et al,

For the past three decades, interaction at the molecular level under the concept of
formation of an inclusion compound has become a direction to develop materials
used for separation processes. Thus, ultra-high selective ion extraction may be
expected from such an inclusion compound. The inclusion compounds, such as
calixarenes | 2|, cyclodextrin | 3], crown ether l-Ll and their derivatives are known as
host—guest compounds that induce ion interz yphenomena and neutral molecule
entrapment. Due to advanced structural 2 derstanding of the molecular
is provides us with the

possibility of designing specific moleg a5 o lision compounds. The
applications of inclusion compguad 3V L don as material not
only for separation processes |3 i ' hemical sensors |6,
interfacial catalysts | 7], and medig

Polybenzoxazine is knowi azamethylene
phenol obtained from the ring o Pl ymeszation ofbenzaxazine monomers.
Ishida er al. have focused @ j ZINES: any ) aseries of deriva-
tives to be a novel class of pj 1 I !\‘ perb balance of
mechanical and thermal prog€riic| | 'qlybenzoxazine 18,als6 attractive from
the point of view of preparatiogfin W no/Blitalystyedquiréd in synthesis pro-
cedures, no by-product formed dyf nd various derivatives
can be designed. By consideringfthe o 1ZDxazine, our group
has proposed it as calixarene with a avléne linkage. In previous work, we stud-
ied the preparation of benzoxazine® ' inclusion phenomena
involving a metal ion |1 1], Qur prelimi [Onstrated that oligobenzox-
azines show high ion extraction abilidy’ aline metal and transi-
tion metal ions. »

The present work is, (Hian-imuat=step-to-
benzoxazine derivatives as afi |0 Lt of this study
is the preparation of benzo :! ine- gl nd J.':ou g onto a high
surface area silica to obtain béhzoxazine-functional silica resin. ThE model study for
tun extraction is dnnc by chromffaiggraphic column @sing the benzoxazine coup led

s ALY BRI oo
jif’jfi:‘;:}j%mnim URIANYIAY

Paraforrnaldch}rdc. p-cresol (99%) and phenol were purchased from Sigma (USA).
3-Aminopropyltriethoxysilane (99%), anhydrous sodium sulfate, 2,4-dimethyl phe-
nol (97%), lithium chloride, and silica gel (particle size = 0.063-0.2000 mm) were
the products of Fluka chemicals (Buchs, Switzerland). Chloroform was purchased
from J.T. Baker Inc. (Phillipsburg, USA). Picric acid, magnesium chloride, potas-
sium chloride, sodium hydroxide and sodium chloride were obtained from Ajax
chemicals (Australia). Barium chloride and calcium chloride were purchased from

- - -
i fpplication of
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Silica surface modified with benzoxazine-functional silane 3

0" N—CH2 CH2CH2SHOCH2CHI) 3

OH - i
i S : M\.@) (tmtgﬁui L'-clﬂ

- + 2H,0 E
4 NH2CH2 CHz CHaSHOCH2CHa) 3 - " 1 - IF” & E 2
— » @ 2: R:H avel. ¢, el

Scheme 1. Preparation of silylbenzoxazine derivati 3: 61y Qo d R-Lfl o

and stocked with 0.4 nm

E. Merck (Germany). All solvents w
molecular sieve before use.
2.2. Synthesis of silylbenzoxaZli

The general method of synthgsis /7 i \\\\ in Scheme 1.

Phenol, parafnmmldchyde # J 3 \:\&\\ were mixed in [:2: 1
mole ratio and refluxed @ch 1 at s r \\ gried previously by

2.3. Synthesis of 3-trietho benzoxazine(1)

Ishida er af. |12}

= [E3-Triethoxysilyl-n-propyl3 4

T-1. | (FTIRXKBr, em™"): 2975 (G f5u

stretching), 1489 (oxazine)1240-1 D 3\

stretching), 1168, 958 (—OGH; F;—"a O—C: stretching), 956
(51—OC;Hs). =

'H-NMR (in CDCl;, at 25°C, ;mj.; Hane), 1.19 (3H, :@. i.ﬁsg \ please change

m(C-3), 2.73 (2H, ¢ TD, 1.4:C3), 3 ‘E* 3 (IH, s, m atfuched
6.76 (1H, d/C-9), 6.901 8 8. C10). 7.04 (1. dfC 8 908 Rl 1D (pager

TLC: Ry (5%MeOHICHTT
Yield = 89.7%.

%\ retching), 2886 (CH3:
g), 1227 (C—0—C:

a I

2.4. Synthesis of 3-triethoxygilyl-n-propyl-3.4-dihydro-6- me.*hyi' -2H-1,3-
(1

iR LR E TS A S

Similarly, (2) and%} were prepared as the procedure of {1] with p- crc&nl and 2.4-

ERaRAENTREAYadusaasl,

stretching), 1502 (oxazine), 1240- II}ZIE} (C—MN—C: stretching), 1228 (C—0—C:
stretching), 1168, 958 (—OCH;CHa), 1104, 1080 (Si—O—C: stretching), 956
- (5i—0C;Hs), 820, 855(1, 2, 4: substituted).

H-NMR (in CDCl, at 25°C, ppm): 0.65 (2H. t, (@ 1.21 (3H,_t, @
1.67(2H m. , 222 (3H %ﬁ 2.73 (2H L 82 (2H, q, ©3), 793

\g? @4 2 (1H, 5, C-1)) 6.66 (1H, d,C-10) 679 (1H, 5, C8) 691 (IH, .
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£ 07 N—CHz CH2 CH2SI{OCH2CH3) 3 ™ N—CH2CH2 CH2 Si{OCH2CH3) 2
=4 ()
= @ + Si—OH — @

+ CHg CH,OH

»|D
OF!

Scheme 2. Preparation of bEREOx

TLC: Ry (5%MeOH
Yi:ll:i = 8?.6%.

K47 siretehing), 1486 (oxazifie) 24b-1 el 1228 (C—0—C:
stretching), 1168, 958 (40 41080 (8i—0 —C stretching), 956
(Si—OC;Hs), 868(1, 2. 3, bstituiedd: ¢

'H-NMR (in CDCl,, at 25% e Go d) 147921 (3H, 1, C-6), 1.67 (2H,
m, C-3), 2.22 (3H, 5, C-9), 2.27 (iT == I5°(2H, 1, C-2), 3.82 (2H, q, C-5),
393 (2H, s, C-7), 4.82 (1H, 5, &1 6.79 (1H, s, C-8).

TLC: Ry (5%MeOHYC '

Yield = 85.8%. ]

2.5, Preparation of bmﬁaﬂn
The general method of prcfaralmn of bcnzuxaz‘j monomer coupling with silica is

shown in Scher Zu V] j w ﬂ /]
2.6. Preparation@gf silica ca:ﬁ;exlug—mﬂﬁaﬂﬂﬁd -n-propy. n4-d:hydm—

2H-1,3- benzaxazmeﬁ]. 3-triethox@silyl-n-propylgd-dihydro-6-meghy!-

RN N Ty

3-Triethoxysilyl-n-propyl-3,4-dihydro-2H-1,3-benzoxazine (8 mmol, 3 g) was stir-
red with silica (1 g) and heated to 200°C without solvent for 3 h to obtain yellow
silica particles. The product was washed thoroughly with chloroform to exclude the
unreacted silylbenzoxazine and THF to eliminate the physisorbed silane on silica,
followed by drying in vacue at room temperature for 3 h to obtain a light yellow

powder.
Similarly, (5) and (6) were prepared as (4).
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Silica surface modified with benzoxazine-funciional silane 5

= li-J-'I‘ricﬂmxy‘si]yl-n-pmpyl-B.#-dihydm-EH-I.3-b¢nzux§zine coupled silica (4).
_Lr,m__@{xm, em~'): 2975 (CHs: stretching), 2928 (CH,: stretching), 2886 (CHa:
stretching), 1489 (oxazine), 1228 (C—O—C: stretching), 1130-1000 (Si—0—C:
stretching).
Anal. caled. (Assuming all alkoxy groups are hydrolyzed and the silanol groups
are coupled with the silica surface): C, 38.94%; H, 4.13%: N, 4.13%. Found: C,
37.24%; H, 4.41%:; N, 4.44%.
X, .k:’i-Tncﬂmxystlylrn propyl- 34411!1 dro-¢
ica (5).
T-Tk— (FTIR (KBr, cm™'): 2975 (
stretching), 1503 (oxazine),”
stretching). "
Anal. calcd. (Assuming a g ,L. \‘ \\: lyZzediand the silanol groups

are coupled with the sili '\\\\\\ 97%. Found: C,

1,3-benzoxazine coupled sil-

retching), 2886 (CH;:
130-1000 (Si—0—C:

37.52%: H, 5.18%; N, 4.93

% f3-Triethoxysilyl-n-propyl-34°d iy dr & | . nzoxazine coupled
silica (6). ‘ ’\ \\

FT-TRC FTIR (KBr, em~'): 2975 (G, A e ﬁ" heiching), 2886 (CHy:
stretching), 1490 (oxazine )12 “"i ‘- ! ‘. l 1000 (Si—0—C:
stretching). é, I \

Anal. caled. (Assuming all@lkgXy 2 ',H fy wdrolyZedi@nd the silanol groups

are coupled with the silica surf A :f.j‘ N, 3.81%. Found: C,
38.42%; H, 4.07%: N, 3.86%, # aciris - Judatly o
2.7. Characterization

Fourier transform infraf -' er Equinox 55
spectrophotometer with i the frequency
range of 4000-400 cm~' [ roton nuele - nancﬂH-NMR] spectra
were obtained from a Fouher Transform NMR spectrometer ACF 200 MHz of
Bruker, Switzerland. Thc s( was dissolve@dn deuterated chloroform with

tetramethylsilane ﬂ wm&tﬁﬁﬁw obtained
from PE 2400 5 Scientific

Industries) was u n the procedurc of i u:P extraction. Percent utmct:ugmmc

I I
E:'{Eﬁtbsq‘p)ag: sw&%ﬁﬂ ﬁlﬁl, Wﬁ

2.8. lon extraction studies

an

The ion extraction property was studied by using Pedersen’s technique [13] for
silylbenzoxazine, (1)—(3), and silica surface modified with benzoxazine-functional
silanes, (4)—(6). Chloride salts of lithium, sodium, potassium, magnesium, calcium,
and barium ions are used as metal ions. 7 % 10~ M of picric acid and 0.1 M of ion
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salts | 11| were dissolved in deionized water so that the UV absorbance at 354 nm
becomes one absorbance unit. Benzoxazine solution was prepared by dissolving
each monomer, (1)-(3), in chloroform to obtain concentrations of 7 x 1073 M
7 x 1072 M,and 7 x 107" M

lon extraction was studied as follows. Five ml of agueous alkali or alkaline earth
picrate salt solution and 5 ml of benznxazine solution were mixed vigorously for
1 min. The mixture was left at room tem A il he aqueous phase and organic
phase were completely separated. The \il t’i yas taken to determine the

metal ion concentration by ultra \ isible spoti }1-' 1eter at 354 nm, i.e. the
wavelength of maximum absorpies.8fthe picrate -

The ion extraction al:nilit;-r BET7Gkazines 107 #otipled with silica was
determined as follows. Si Ale_ibn : haken with 5 g of
benzoxazine-treated sdtca 4 /»’ d ‘alufngat, room temperature.
The solution was drained and ‘-’ § repeated. 10 times with fresh
picrate ion solution. [log “evall \. { \\-‘i\ hange of picrate
concentration in the aqueou { served, by AR olec-visible and atomic
absorption spectrophotomeg. v ’ \\\

o

3. RESULTS AND DISCUSSIO]

3.1. Synthesis of silylben F_il:lu" ine YL

Figure | shows the ’FTIS Gitotis b ne-functional silanes. The
asymmeltric 5i—0—C sm:tchmg m e 2t group appear at 1104 em”
and 1080 em™'. The ethoxy ~shio ' ads at.1168 cm™' and
958 cm™'. It should bemeeed that aming silanes are re adilyhydiolyzed by water.

.nz_)
3 Absorbance

1700 iﬁoﬂ 1300 1100 900 700 500
Wavenumber fcm

FI-IfR

Figure 1. @TIR spectra of: (a) 3-triethoxysilyl-n-propyl-3.4-dihydro-2H-1.3-benzoxazing (1)

{b) 3 mathnxyﬂy!-n -propyl-3.4-dihydro-6-methyl-2H-1.3- b:ntoxazlw}l and {c) 3- tnﬂhﬂxﬁ]‘i}'ﬁ
n-propyl-3.4-dihydro-6,8-dimethyl-2H-1,3-benzoxazine (3).
S
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Silica surface modified with benzoxazine-funciional silane 7

In this method, the water molecules produced during the synthesis were excluded
from the product phase by using chloroform as a solvent. Since the benzoxazine
monomer is not soluble in water, the alkoxy groups of the silane will remain
unhydrolyzed. Thus, the product did not show the bands related to the siloxane
mode in the region between 1130 cm™' and 1000 cm™".

The structures of (1), (2) and (3) were ¢ erized by '"H-NMR as shown in
Fig. 2. The '"H-NMR spectrum confirm uct is not either dimer or
oligomer.

witlhl bensoxagmen(d), (5) and (6)
As shown in Fig. 3, the spec : of h‘ e Iarge contribution
of the silica to the spect / ‘ \ : 0f the surface
species. Here, the benzoxazipe ! are clarified,
indicating that the couplin® pr I { -' ino uccessful The
subtracted spectra between i si o : vai \ ted silica (Fig. 4)
shows that the bands belof®ing ol e ¥ groupi i, 297502928, 1390, and
956 cm™' have disappeared gf argfdgereaseri imdiniensity, wheieas the bands near
1050 and 770 cm ™" have apfeargd, * —0—S5i linkages.
These indicate that the silylbgh AtV Upled onto the silica
surface. Thus, the amino silan€ codpli L us L dmine in the benzoxazine
preparation provides the possibilif$
On the assumption of all tncthux:,r
carbon content (%C) can be ca
surface-treated silica ((4)-
percentage of each prodiid 15
almost all ethoxysilanes Fr€&0n

3.2, Preparation of silica su

onto the silica surface, the
& for the three types of
résults, the carbon
_ﬁ:ﬁ indicates that

3.2, len extraction behavior a{;.ﬁe ﬂ!‘y!bmzaxazme modified silica surface

me ;T.?aif,‘:“:;‘“f?ﬂfﬁﬂﬁﬁﬁ‘ﬁﬂﬁﬂmﬂiﬂ:ﬁ‘

as shown in'Figs 5 : 7, and 8. Thc Sui‘fa ‘tr-:au:d szllca wis packe.d ina culumn

32

and cnlum 5
thal m lhe ﬁeﬁ l:! ls
or the s::rrj::-uun pruocss many nmes wew.:r stl nz.u:-:azmc dcrwa VEE—F F_}Z'

couplcd sllica (4)—(6), show 80 to nearly 100 percent ion extraction (Fig}6-8).
Here, it should be noted that for the first to fifth repeating time, the éXtraction
percentage is not stable. This may be due to the effect of the dry surface, which
makes the ion interaction in solvent poor. After the adsorption process was repeated
more than five times, a constant extraction percentage is obtained. Considering the
effect of the silylbenzoxazine structure, the compound (4) with less bulky group
shows ion extraction ability around 65-83% while the compound (5) with one
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CH2CH2CH28i(OCH2CH3)3

AUt Ingmingns
_ W,"ﬁﬂﬂh,.ﬁmii_ﬂ i

Figure 2. 'H-NMR spectra of: (a) 3-triethoxysilyl-n-propyl-3,4-dihydro-2H-1,3-benzoxazine (1),
(b} 3-triethoxysilyl-n-propyl-3.4-dihydro-6-methyl-2H- 1, 3-benzoxazine (), and (c) 3-triethoxysilyl-
n-propyl-3.4-dihydro-6,8-dimethyl-2H-1,3-benzoxazine (3).
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|

)
Y

Absorbance

FT-1R-
Figure 3. FTIR spectra of: (a) 3-tiethg
silica (4), (b) silica, and {c) a)-b) subs

henzoxazing coupled

Absorbance

FI-IR
Figure 4. FTIR spectra of:
tb) 3-triethexysilyl-n-propyl-3, A
1-propyl-3.4-dihydro-6.8-dimethyl 28 -
of the silica exclusion. l

nznuzine (1),

) d - i
I -triethoxysilyl-
dceTMith the contribution

AgAnemineinsg
IINTU RN Y

Exﬁn %

q

20
0 i 1 i | 1 1 L 1 1
2 3 4 5 13 7 B 9 10
Repeat Times

Figure 5. Exwaction percentage of metal picrate at [M*][Pic™] = 7 x 10~ s by pure silica.
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Figure 6. Extraction percentiy

Lt by (4) for Nat (4,
K* (M), Mg?* (A), Ca™* (@),

100
a5
50

APTST

80

75

Extraction /%
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T T e
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i AN ’Zﬁﬂ‘%ﬂ VIR B

The extriction behavior might come from the fact that a propyl group exists as a
spacer between silica and benzoxazine to promote the mobility of the benzoxazine
group, as shown in the schematic drawing in Fig, 9. The bulky structure of the
benzoxazines on the silica surface makes them pack loosely and provides cavities
for the metal guests. In the silica coupled with silylbenzoxazine without bulky
group (4), the interaction on silica surface should be strong due to the silanel group
combining with the stacking conformation of benzoxazine monomer. This high

335
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100
95 - . & ® 5
gﬁ-' g a 1 : & I = = :
L R ETI T REEE
£
w 75 L
70
6}
0
Figure 8. Extraction percentage ofgffetagicgdh MY Pie "«-\ M by (6) for Nat (4),

K (M), Ma™ (A), Ca®* (@),

Figure 9. Schematic diagram of silica surface modified with benzoxazine: (a) compound (4), and
{b) compound ().
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packing structure induces fewer cavities for metal ion guests. As a result, low ion
extraction behavior is observed. As a result, the ability of ion extraction of silica
surface modified benzoxazine is in the order (6) = (5) > (4).

4. CONCLUSIONS

Silylbenzoxazine derivatives with'e huiky eroups on the benzene ring are
synthesized employing ‘aminosilkine 25,4 ry amine. Silica surface modified
benzoxazines are sugcesshull ievedwd s lulbenzoxazine derivatives and show
the ion extractions / ikal alkaline earth metal ions. When

the silane is couple W | benzoxamnesshows different ion extraction
ability from that of si¥1Defacsiag el 1 \\ ace modified with benzoxazine
derivatives with™ i e xhibh& highve fon, which may be due to the

loose packing sig cing a high amount of cavity

for guest atoms.
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