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Summary 
A new method is proposed for preparation of a p-tert- 
butyl-calix[4]arene-bonded silica stationary phase. The 
chemically modified p-tert-butyl-calix[4]arene is at- 
tached to silica gel via the silane coupling reagent 7- 
(ethylenediamino)-propyl-triethoxyl-silane. The bonded 
phase has been characterized by 29Si and 13C cross po- 
larization/magic angle spinning solid-state nuclear mag- 
netic spectrometry. The retention behavior of polycyclic 
aromatic hydrocarbons (PAHs), nucleosides and bases 
has been investigated on the bonded phase in the re- 
versed-phase mode. 

Introduction 
Calixarenes[1] are stable cyclic oligomers composed of 
phenolic units linked by methylene bridges at positions 
ortho to the hydroxyl groups, building up beakershaped 
hydrophobic cavities at the upper rim and hydrophilic 
phenolic hydroxyl groups at the lower rim. As host 
molecules with a specific structure, calixarenes repre- 
sent a third generation of excellent host molecules fol- 
lowing crown ethers and cyclodextrins in supramolecu- 
lar chemistry [2]. Calixarenes possess the capability to 
include neutral organic molecules like cyclodextrins and 
the capability of chelating and transporting cations like 
crown ethers. Furthermore, parent calixarenes are very 
useful building blocks for various novel acceptors with 
preogranized structure which can be obtained by intro- 

ducing different functional groups. Crown ethers and 
cyclodextrins have been applied in gas chromatography 
and liquid chromatography as selective phases for a 
number of years [3-6]. Their chromatographic behavior 
is chiefly connected with their inclusion complexing 
properties with many neutral organic compounds and 
ions. Although some applications of calixarenes have 
been reported, such as ion selective electrodes [7], re- 
covery of metal ions [8] and phase transfer agents [9], 
little work has been carried out on the utility of calixare- 
nes in chromatography. Friebe et al. [10] have reported 
the use ofp-tert-butylcalix[4]arene-bonded silica gel sta- 
tionary phase in the liquid chromatographic separation 
of nitroaniline, regioisomers, nucleosides and three 
proline-containing dipeptides. Glennon et al. [11] have 
prepared a silica-bonded calix[4]arene tetraester sta- 
tionary phase and used it in the liquid chromatographic 
separation of amino esters and alkali metal ions. We 
have reported that the chromatographic separation of 
polycyclic aromatic hydrocarbons (PAHs), nucleosides 
and some disubstituted aromatic positional isomers on a 
p-tert-butyl-calix[6]arene-bonded silica stationary 
phase [12]. Recently, Park et al. [13] have successful 
separated some mono-substituted phenol and some 
other aromatic positional isomers on a calix[6]arene-p- 
sulfonate-bonded silica stationary phase. Mangia et al. 
[14] have, for the first time, reported the separation of 
alcohols, chlorinated hydrocarbon s and aromatic com- 
pounds by gas-chromatography with p-tert-butylcalix 
[8]arene on Chromosorb. Utilization of calix[n]arene 
(n = 4,5,6,8) [15, 16], rescorcin[4]arenes [17, 18] and 
calixcrowns [19] in gas chromatography has also been 
reported. 

Some methods have been proposed for structure char- 
acterization of the bonded-silica stationary phases. 
Weight gain analysis, elemental analysis and IR spectra 
analysis are usually adopted for the purpose. However, 
these methods generally afford uncertain information 
of the stationary phases. Recently, 13C solid state NMR 
has become a powerful tool for the structure characteri- 
zation of the bonded-silica stationary phase [20-22]. 
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In this paper, we describe how to synthesize a new p- 
tert-butyl-calix[4]arene-bonded silica stationary phase 
by a new easy route and the assignment of all the peaks 
of 13C solid state NMR. Chromatographic separation of 
PAHs,  nucleosides and bases with this phase is also de- 
scribed. 

E x p e r i m e n t a l  

Chemicals and Reagents 

Silica (5-7 pm particle size) was purchased from 
Qingdao Ocean Chemical Plant (Qingdao, China); y- 
(ethylenediamino)-propyl-triethoxyl-silane (content  
> 90 %) was purchased from Wuhan University Chemi- 
cal Plant (Wuhan, China); 5,11,17,23-Tetra-tert-butyl- 
25,27-bis(chloroformylmethoxyl)-26,28-dihydroxylcalix 
[4]arene (1) was prepared according to a repor ted pro- 
cedure [23]; other  reagents were AnalaR grade unless 
indicated otherwise.  

Synthesis of p-tert-Butyl-Calix[ 4]arene-Bonded 
Silica Stationary Phase 

The silica gel-linked macrocycles were synthesized in 
three steps starting from (1) prepared according to the 
published procedure  [23] (see Scheme 1). First, a mix- 
ture of compound (1) ~,-(ethylenediamino)-propyl-tri- 
ethoxyl-silane and triethylamine in 150 mL of dry tolu- 
ene was stirred at room temperature  under a nitrogen 
atmosphere for 16 h, after which 2.2090 g silica gel was 
added. The mixture was stirred and heated under  reflux 
for 24 h under dry N 2. The solid material was filtered 
and washed in sequence with toluene, acetone, metha- 
nol and distilled water for three times and the p-tert-b- 
utylcalix[4]arene-bonded silica phase was dried at 
120 ~ for 3 h, then cooled to room temperature  in a 
desiccator. Weight gain of the product  relative to the 
original silica was 52.98 %. 

CP/MAS N M R  Spectroscopy 

The measurements of 29Si CP-MAS (cross polariza- 
tion/magic angle spinning) NMR were performed on a 
Bruker  MSL400 spectrometer  on the p-tert-butylcalix 
[4]arene-bonded silica and basic silica in a rotor  of zirco- 
nium oxide. The magic-angle spinning was carried out at 
a rate of 4000 Hz. The spectra were recorded with a 
pulse length of 5.5 ps and a contact time of 4 ms. 400 
scans were accumulated with a repetition rate of 1 s for 
each spectrum. ~3C CP-MAS NMR measurements were 
performed on a home-assembled 200 MHz spectrome- 
ter on the p-tert-butylcalix[4]arene-bonded silica in a 
zirconium oxide rotor  at a rate of 3200 Hz. The spec- 
t rum was recorded with a pulse length of 3 ps and a con- 
tact time of i ms. 10000 scans were accumulated with a 
repetition rate of 1 s. All NMR spectra were externally 
referenced to liquid tetramethylsilane. 
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C h r o m a t o g r a p h i c  P r o c e d u r e  

The chromatographic system consists of a Model LC- 
10AD pump (Shimadzu, Japan), a Reodyne 7125 injec- 
tor with 20 ~tL loop, a Model SPD-10A (Shimadzu, Ja- 
pan), UV-Vis spectrophotometric detector, and a type 
3066 pen recorder (Sichuan the fourth instrument plant, 
Sichuan, China). The p-tert-butylcalix[4]arene-bonded 
silica stationary phase was slurry-packed into a 15 cm x 
4.6 mm (i.d.) stainless-steel column. The column tem- 
perature was controlled at 28 _+ 0.2 ~ An aqueous 
buffer solution of 0.02 mol L -1 NaHzPO 4 (pH 3.5) was 
used as the mobile phase for nucleosides and bases and 
a mixture of methanol-water (60:40,v/v) for PAHs. Be- 
fore use, the mobile phases were generally filtered 
through a G-4 filter glass funnel and degassed in an ul- 
trasonic bath for 5 min. The flow rate was set at 1.0 mL 
min -1. The samples were dissolved in methanol. The 
wavelength for detection was 254 nm. 

R e s u l t s  a n d  D i s c u s s i o n  

S y n t h e s i s  of p-tert-Butyl-Calix[ 4]arene-Bonded 
S i l i c a  S t a t i o n a r y  P h a s e  

Several approaches have been proposed for preparation 
of calixarene-bonded silica stationary phases [11, 13]. 
Trifunctional silane containing calixarene, synthesized 
through a hydrosilation addition reaction, has been 
grafted to silica gel [11]. However, the hydrosilation ad- 
dition reaction gives a low yield. Another method is to 
synthesize calixarene derivative with highly reactive 
functional groups, which are then attached to the silica 
activated with a silane coupling reagent [13]. In this 
method, the yield of the last step of the synthesis was 
very high, but getting the calixarenes derivative faces 
many obstacles including synthesis and separation of a 
derivative. In previous work [12], we have reported that 
the parent p-tert-butyl-calix[6]arene reacts with the sil- 
ane coupling reagent 3-glycidoxypropyltriethoxysilane 
to open the epoxy ring, and then reacts with silica gel for 
preparation of p-tert-butyl-calilx[6]arene-bonded silica 
phase without any further purification. The method is 
easy and convenient, but elemental analysis showed a 
low content of p-tert-butyl-calix[6]arenes immobilized 
to the silica gel. Scheme i shows a new route for synthe- 
sizing a p-tert-butyl-calix[4]arene-bonded silica gel sta- 
tionary phase. In this procedure, no separation and puri- 
fication are required, except for washing the final prod- 
uct. The introduction of chloroformyl groups to p-tert- 
butyl-calix[4]arene causes it to react easily with a silane 
coupling reagent containing a primary amine. The silane 
coupling reagent containing p-tert-butyl-calix[4]arene is 
then attached to the silica gel. The fine structure of the 
resulting boned phase is characterized by means of solid 
state NMR spectroscopy. 
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Figure 1 
The various types of groups likely to be found on the surface of 
calix[4]arene-bonded silica. 
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Figure 2 
29Si CP-MAS NMR spectrum of a basic silica gel. 

C P / M A S  N M R  S p e c t r o s c o p y  

Different species of silicon groups on the surface and 
typical 29Si CP/MAS NMR spectra of a basic silica gel 
and a chemically modified silica gel have been reviewed 
in detail by Albert et al. [21]. The 29Si CP/MAS NMR 
spectra for a basic silica gel and a p-tert-butyl-calix 
[4]arene-bonded silica gel stationary phase are shown in 
Figure 2 and Figure 3, respectively. As shown in Figure 
2, two strong signals at -100 and -110 ppm correspond 
to Q3 and Q4, respectively (see Figure 1 [20]). But the 
signal of Q2 was not clear even when changing the con- 
tact time and repetition rate over a wide range, indicat- 
ing that the amounts of the geminal silanol on the sur- 
face of the silica are very small. In Figure 3, two very 
strong signals at -56 and -65 ppm corresponded to T 2 
and T 3 as shown in Figure 1, suggest that a large propor- 
tion of the trifunctional alkylsilyl groups have been 
crosslinked to the surface of the silica gel. Comparing to 
Figure 2, the relative strength of Q3 shown in Figure 3 
became smaller, which shows that after chemical modi- 
fication the number of free silanols decrease drastically 
and the number of siloxane groups increase. 
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Figure 3 
29Si CP-MAS NMR spectrum of the p-tert-butyl-calix[4]arene- 
bonded silica gel stationary phase. 

The 13C CP-MAS NMR spectrum of the p-tert-butyl- 
calix[4]arene-bonded silica gel stationary phase is 
shown in Figure 4 and all the carbon atoms and their sig- 
nals are labeled. As shown in Figure 4, the signals of 
most carbon atoms on the alkyl chain and noncyclic car- 
bon atoms are present in a higher field; the signals of the 
carbon atoms on the benzene ring and carbonyl carbon 
atoms on the alkyl chain appear in a lower field. The 
high intensity of the peaks in the aromatic region from 

155 to 120 ppm show that the content of p-tert-butyl- 
calix[4]arenes on the surface of the silica gel is high. The 
starred peak at 170 ppm is due to rotary sidebands intro- 
duced by carbon atoms in the benzene ring, which was 
verified by changing rotation speed. Furthermore, the 
peaks for ethoxy groups of triethoxy alkylsilane have 
not been observed, which also affirmed bonding with a 
high degree of crosslinkage. 

Chromatographic Separation of  PAHs,  
Nucleosides and Bases 

The chromatographic performance of the p-tert-butyl- 
calix[4]arene-bonded silica gel stationary phase was 
evaluated by using PAHs, nucleosides and bases as sol- 
utes. Figure 5 shows a typical chromatogram of a mix- 
ture of PAHs with methanol-water (60:40, v/v) as the 
mobile phase. It can be seen that the mixture of PAHs is 
separated completely and the elution order is the same 
as that obtained on ODS. This result implies that the p- 
tert-butyl-calix[4]arene-bonded silica gel stationary 
phase has a reversed-phase chromatographic perfor- 
mance. Typical chromatograms of nucleosides and 
bases on the p-tert-butyl-calix[4]arene-bonded silica gel 
stationary phase with 0.02 mol L -1 NaH2PO 4 (pH 3.5) 
buffer solution as mobile phases are shown in Figure 6 
and Figure 7, respectively. These chromatograms show 
that partial separation of four nucleosides and six bases 
could be achieved even though most of the peaks are 
tailing. The elution order of nucleosides (C>U>A>G) 
as shown in Figure 6 was different from that obtained by 
Friebe et al. on a p-tert-butyl-calix[4]arene-bonded 
phase (C>U>G>A) [10], which is the same as that on an 
ODS column [24]. The difference of elution order on 
the two p-tert-butyl-calx[4]arene-bonded phases may be 
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Figure 4 
(a) 13C CP-MAS NMR spectrum of thep-tert-butyl-calix[4]arene-bonded silica gel stationary phase; (b) structure and assignment of the phase. 
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Figure  5 

Typical chromatogram of a mixture of polycyclic aromatic hydro- 
carbons: mobile phase: methanol-water (60:40); flow rate: 1.0 mL 
min-1; 1 = benzene; 2 = toluene; 3 = naphthalene; 4 = bihenyl; 5 = 
anthrancene. 
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Figure  7 

Typical chromatogram of a mixture of bases: 1 -- cytosine; 2 = 5- 
flurouracil; 3 = purine; 4 = 5-iodouracil; 5 = 6-mercaptopurine; 6 = 
caffeine. 
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Figure  6 

Typical chromatogram of a mixture of nucleosides: 1 = cytidine (C); 
2 = uridine (U); 3 = guanosine (G); 4 = adenosine (A). 

at tr ibutable to the difference in their space arms and 
amounts  of the bonded  p-tert-butyl-calix[4]arene. 

Because it contained p-tert-butyl-calix[4]arenes, amine 
groups and carbonyl  groups, the phase p repared  in this 
study was a mixed-mode  phase. Therefore ,  the reten- 
tion mechanism of the solutes on the phase  is compli- 
cated: Al though p-tert-butyl-calix[4]arenes are a well- 

known host molecule, which can complex with small 
neutral  molecules such as toluene in solid state [25] and 
derivatives have been repor ted  to be able to include 
ions such as Na § [26], UO22§ [27] and Ag § [28]. The cav- 
ity of the bonded  p-tert-butyl-calix[4]arene was not big 
enough for nucleosides or bases used in this study. 
Therefore ,  the retent ion of nucleosides and bases on the 
phase must  be ascribed to electrostatic interaction, n- 
donor-n-acceptor  interaction, hydrogen bonding inter- 
action, and partial  inclusion interaction between the sol- 
utes and the stationary phase. 
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