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ABSTRACT:

Polviacrylonitrile) immobilized onto porous silica (Sil-AN,)) was prepared to evaluate the effect of

polymerization degree of poly(acrylonitrile) on selective interaction with polycyclic aromatic hydrocarbons. The HPLC

using the packed column (Sil-AN,) and an aqueous solution as a mobile phase showed higher selectivity for structural

isomers of polveyclic aromatic hydrocarbons compared with simply cyanopropylated silica (Sil-CN) and alkylated silica

(Sil-C.). It was considered that silica-supported poly(acrylonitrile) recognized molecular aromaticity of st-electron con-

taining compounds rather than molecular hydrophobicity. Furthermore. similar results were obtained in the selectivity

towards geometrical isomers such as rrans- and cis-stilbenes or triphenylene and o-terphenyl and structural isomers such

as o-. m-. p-terphenyls. Also the separation factors increased with an increase in polymerization degree of AN,. This

paper discusses that polymeric structures enhance the selectivity.
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Specific behaviors of many polvmers are based on
their configuratons and contformations.  The chemi-
cal structures of monomer units und their arrangements
influence on the conformational structures of polvmer
chain and then closely relate to their functions whose
are carried out by multiple interactions through accu-
mulation of their functional groups. In biological sys-
tems, there are many examples of protein polymers. the
structures of which determine the biological functions.
The molecular assemblies such as bio-membranes also
show specific behaviors in bio-systems,

On the other hand. svnthetic polymers are used as
many industrial materials such as tilms, fibers and ad-
hesions. It is well-known that crystallinity and poly-
merization degree influence the properties of polymers.
Many researchers have reported physical and chemi-
cal properties of polymers with tunctional groups in
their main and side chains because it is important to
mimic the functions of biopolymers using stmply syn-
thetic polymers. This will expand possible applications
of polymers.

We have investigated the hybridization between
silica gels and polymers'™" such as polystyrene.'
poly(acrylonitrile)® and poly(methyl acrylate)* which
were applied to separation. These polymers possess -
electrons to be used as a m—m interaction source and
thus have been applied as packing materials for liquid
chromatography with s-electron recognition. As a re-

"To whom correspondence should be addressed.

sult, we have found that the polymer-immobilized sil-
ica showed much better selectivity for structural iso-
mers of polycyclic aromatic hydrocarbons than the cor-
responding monomer-immobilized silica. In this paper,
we wish to report the effects of polymerization degree
of polvmers on separation behavior of polycyclic aro-
matic hydrocarbons by using poly(acrylonitrile).

EXPERIMENTAL

Materials

Acrylonitrile (AN: Nacalai tesque, Japan) was dis-
tilled and the fraction boiling at 72-74°C was used. 3-
Mercaptopropyltrimethoxysilane (MPS) as telogen was
purchased from Chisso Co., Japan. Azobisisobutyroni-
trile (AIBN) as an initiator was purified by recrystal-
lization from methanol. A typical telomerization pro-
cedure of poly(acrylonitrile), AN,,, where n is the av-
erage of polymerization degree, was as follows: AN
(35mL, 532 mmol) and MPS (10 mL, 53 mmol) were
dissolved in ethanol (200 mL). AIBN (0.14 g, 0.5 wt%)
was added to the solution at 60°C. The mixture was
stirred for 72 h at 60°C under N, gas atmosphere. After
the reaction. the white precipitates obtained were gath-
ered by concentration and filtration, washed succes-
sively with ethanol and ether, and then dried in vacuo.
The polymerization degree (n) of AN, was determined
by "H NMR spectroscopy (in dg-dimethylsulfoxide, 0 =
2.05 ppm (CH,CH-CN), ¢ = 3.15ppm (CH,CH-CN).
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and 0 = 3.55 ppm (SiOCH3)).

AN, was readily introduced onto porous silica par-
ticle by mixing in dimethylformamide at 80°C. YMC
120-S5 silica (diameter 5 um, pore size 120 A, 295 m?
g ') was used as porous silica. The resulting particles
were washed successively with dimethylformamide
and ether. The amount of AN,, introduced onto silica
was determined by elemental analysis.

Wakopak (Wakosil SCN, 4.6 mm i.d. X 250 mm)
was used as a CN-containing silica (Sil-CN). Mightysil
(RP-4 GP. 4.6 mm i.d. x 250 mm) was used as a simply-
hydrophobized silica (Sil-Cy).

All aromatic hydrocarbons as a sample were com-
mercially obtained and used without further purifica-
tion. Benzene. anthracene. pyrene. triphenylene and
terphenyl isomers were purchased from Nacalai tesque
(Kyoto, Japan). Naphthacene was purchased trom
Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Naph-
thalene, dinitrobenzene isomers and dinitrotoluene iso-
mers were purchased from Kanto Kagaku (Tokyo.
Japan). Chrysene and stilbene isomers were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO).
Benz|a]anthracene was purchased from Kishida Chem-
ical Co.. Ltd. (Osaka. Japan).

Measurements

The polymer-grafted silica (Sil-AN,;) was packed
into a stainless steel column (4.6 mm i.d. x 250 mm)
using a hexanol-chloroform mixture. The liquid chro-
matographic properties were examined using methanol-
water mixtures as mobile phases. The chromatograph
included a JASCO PU-980 intelligent HPLC pump. and
a JASCO MD-910 multiwavelength detector. JASCO-
BORWIN (Ver. 1.5) software was used for system con-
trol and data analysis. 10 micro-liters of the sample dis-
solved in methanol was injected through a HAMILTON
80365 injector. The mobile phases were methanol-
water (6:4) for Sil-CN and Sil-AN,, columns. and
methanol-water (7: 3) for Sil-C; column. Chromatog-
raphy was carried out at flow-rate of 1.0 mL min~'. The
retention factor (k) was determined by (.- 1y)/ty. where
t. and fy are retention time of samples and methanol,
respectively. The separation factor («) was defined by
the ratio of retention factor.

Water-1-octanol partition coefficient (log P) was de-
termined by retention factor with octadecylated silica.
ODS (Inertsil ODS, 4.6 mm i.d. x 300 mm, GL Science
Co..Ltd.) : log P =3.2622+4.208 log k."!

RESULTS AND DISCUSSION

Preparation of Silica-Supported Polv(acrylonitrile)
Poly(acrylonitrile) with a terminal trimethoxysilyl
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group (AN,,) was prepared by telomerization of acry-
lonitrile with 3-mercaptopropyltrimethoxysilane. The
average of polymerization degree was easily controlled
by adjustment of the molar ratio. As a result. AN,, with
n =3 and 21 were prepared for our purpose.

The AN, was immobilized onto porous silica. This
was done through the reaction between the terminal
trimethoxysilyl groups of AN, and silanol groups from
silica. The resulting silica successive washing with
dimethylformamide showed no chinge in weight. IR
spectroscopy showed the specific absorption due to
CN groups (ve_n. 2273 em™ '), The elemental analysis
showed that 11.5wt% (n = 3. Sil-AN3z) and 13.8 wt%
(n = 21.Sil-AN> ) of AN,, introduced onto the silica.

Selectivity for Structural Isomers of Polveyelic Aro-
matic Hyvdrocarbons

The interaction between AN, and polvaromatic hy-
drocarbons was evaluated by using retention factors
in column liquid chromatography.  Typical chro-
matograms are shown in Figure 1. The resultant reten-
tion factor (k) and separation factor () were summa-
rized in Table 1. I1. and II1. As shown in Table I. when

o
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3 |
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Figure 1. Typical chromatograms with Sil-C;. Sil-CN. Sil-
AN;. and Sil-AN>; columns. Mobile phase: methanol-water (6:4)
for Sil-CN. Sil-AN:. and Sil-AN>; and methanol-water (7:3) for
Sil-C,. Temperature: 35°C. UV detection wavelength: 250 nm. The
small arrows indicate 1.
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Table I. Retention factors (k) and separation factors («) for polycyclic aromatic hydrocarbons with Sil-C,. Sil-CN, Sil-ANj3, and
Sil-AN.,. Mobile phase: methanol/water = 6/4 (Sil-CN, Sil-AN;, and Sil-AN>,), 7/3 (Sil-Cy), Flow rate: 1.0 mL min ' Temperature: 35°C.

UV detection wavelength: 250 nm

Number of Sil-Cy Sil-CN Sil-AN3 Sil-ANy,
carbon atom i a x o % w X o
Benzene 6 0.43 0.38 0.42 0.29
1.60 2.03 2.58 2.70
Naphthalene 10 0.68 0.77 1.07 0.79
2.81 4.15 6.51 7.95

Anthracene 1.19

Pyrene 1.40

Naphthacene

1.57 2.71 232

5.44 9.51 115
2.06 3.96 3.26

9.40 16.56 27.30
3.55 6.89 7.97

Benzene Naphthalene

Anthracene

© 000 G0 ©COO0

Pyrene Naphthacene

Table II. Retention fuctors thr and separation factors (@) for polycyclic aromatic hydrocarbons with Sil-C,. Sil-CN. Sil-AN:, and
Sil-AN,,. Mobile phase: methanol/water = 6/4 (Sil-CN. Sil-AN;. and Sil-AN - 1. 7/3 (Sil-Cy). Flow rate: 1.0 mL min~'. Temperature: 35"C.

UV detection wavelength: 270 nm

Number of Sil-Cy Sil-CN Sil-AN; Sil-AN,,
carbon atom P a L a X o P o
Triphenylene 18 1.77 293 6.43 5.16
1.15 \'\\ 104 1.02 1.26
Chrysene 18 2.04 30470 6.53 6.48
1.24 T 1.03 1.30
Benz|a)anthracene 18 2,19 7 341 6.65 7 6.71
141 1.22 1.08 1.54
Naphthacene 18 249 - RV 6.92 7.96
©) O
g\
A @
O M — ~ —
% —
o
Do IR Benz{alanthracene Naphthacene

Table III. Retention tact v - oo sornara

Toactors o tor polveyelic aromatic hydrocarbons with Sil-CN. Sil-AN:. and Sil-AN,.

Mobile phase: methar o v aer =~ 20 Flow rater 1LomL min™ . Temperature: 35°C. UV detection wavelength: 250 nm
SiON Sil-ANy Sil-AN,,
5 @ k « A o
Triphenylene 292 6.50 522,
1.85 4.18 6.56
o-Terphenyl 1.58 |/ 1.55 0.80
.ol 2.19 3.30
m-Terphenyl 2547 341 262"
1.76 2.25 4.04
p-Terphenyl 279/ 3.50 3.21

the samples were benzene. naphthalene. anthracene,
pyrene and naphthacene. & increased with an increase
in the number of aromatic rings and no difference was
confirmed in the retention order. However, it is clear the
selectivities were much higher in Sil-AN,, than those
in Sil-CN and Sil-C;. For example, as between naph-

Polym. 1., Vol. 34, No. 6. 2002

thacene and benzene were 16.6 and 27.3 in Sil-AN3 and
Sil-AN»; but 9.4 and 5.8 in Sil-CN and Sil-C4. Here,
it should be emphasized that Sil-C,4 shows the small-
est value. This is attributed that only Sil-C; has no
m-electron sources for 71— interaction with the sam-
ples. As supported this, our previous work showed
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that Sil-AN,, was not sensitive to hydrophobicity (the
number of carbon atoms) of the samples when alkyl
benzenes were chosen as samples. but Sil-Cy showed
distinct selectivity recognizing the number of carbon
atoms. These results indicate that AN,, can interact
with the samples through m—x interaction rather than
through molecular hydrophobicity. Table Il emphasizes
the specificity of Sil-AN,,. The larger selectivity in Sil-
AN, was obtained even for the aromatic compounds
with a composition of CyH>. Water-1-octanol par-
tition coetficient (log P) value is often used as a hy-
drophobic parameter. The elution order of these aro-
matic compounds is identical with log P value (5.25
(Triphenylene), 5.38 (Benz|a]anthracene). 5.36 (Chry-
sene) and 5.68 (Naphthacene)). This indicates that Sil-
C,4 showed as (1.24 (Benz[alanthracene). 1.15 (Chry-
sene), and 1.41 (Naphthacene) for Triphenylene) were
responsible for the hydrophobicity in each compounds.
On the other hand. Sil-CN and Sil-AN; showed the
lower selectivity for the structural isomers because the
all isomers had the same number of m-electrons. How-
ever, it was not explained that Sil-AN»; showed the
higher selectivity for these structural isomers. To an-
swer this question, we are here proposing a multiple n—
7 interaction mechanism through polymer eftfect. This
is derived from the facts that Sil-AN», with higher poly-
merization degree always shows better selectivity for
polyaromatic hydrocarbons than Sil-ANz with lower
polymerization degree. This assumption is furthermore
discussed in the following section.

Selectivity for Geometrical Isomers

Table III shows the selectivity for several geometrical
isomers. If AN, recognizes only molecular hydropho-
bicity, small selectivity would be obtained for these
isomers because of their small differences in molec-
ular hydrophobicity (log P: 4.47 (o-Terphenyl). 5.04
(m-Terphenyl), and 5.15 (p-Terphenyl)). As supported
this, Sil-C4 showed very small selectivities tor all the
isomers listed in Table Il for example. as were |.16
(m-Terphenyl/o-Terphenyl), and 1.31 (p-Terphenvl/o-
Terphenyl) in Sil-C;.  Therefore. it should be noted
that Sil-AN,, showed much better geometrical selec-
tivities. As above-mentioned. AN, interacts with -
electron-containing substances and then is not sensitive
for molecular hydrophobicity. but these facts cannot ex-
plain the good geometrical selectivities because the iso-
mers have no difference in the number of m-electrons.
It seems that AN, rather recognizes molecular shape.
For example, the highest retention tactor was observed
in triphenylene which was almost a planar molecule.
On the contrary, p-. m-. and o-terphenyls are not pla-
nar but rather twisted. Twisting angles of side-benzene
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Sil-AN,, Sil-AN,

Figure 2. Schematic illustration of a multiple 7—71 interic-
tion mechanism of Sil-AN,. The figures indicate that a longer
polvtacrylonitriler chain provides more effective interaction area
with a polyevelic aromatic hydrocarbons und recognize molecular
planarity and linearity by multple CN=-t0-bensene-T interaction

through the polymer eftect.

stilbene

prans stlbene e

1o c0 80 70 60 50

Content of organic solvent (%)

Figure 3. Effects of addition of methanol (O). cthanol (@).
and acetonitrile (A) to a water mixture as a mobile phase on the
selectivity of stilbene isomers in Sil-AN,.

rings from molecular plane of central-benzene rings'?
were calculated to be 56°, 50°. and 37 . respectively.
Interestingly. the retention factors of terphenyl isomers
are smaller in relatively twisted-isomers. Stilbene has
two isomers whose are trans- and cis-forms. Therefore,
these isomers have the same number of -electrons but
big difference in molecular planarity. Sil-C; provides
small selectivity (@ = 1.02) but it is much better in Sil-
AN, (@ = 3.37 in Sil-AN»).

On the basis of these results, we conclude that Sil-
AN, recognizes not only the number of m-electrons
but also the molecular planarity, but not sensitive to
molecular hydrophobicity. And also we have to empha-
size that these properties enhance with polymer eftect

Polym. J.. Vol. 34. No. 6. 2002
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Table IV. Retention factors (k) and separation factors («) for dinitrobenzene and dinitrotoluene isomers. Mobile phase: methanol/water
=5/5 (Sil-C., Sil-AN;. and Sil-AN>)). Flow rate: 1.0 mL min ', Temperature: 35°C. UV detection wavelength: 250 nm

Sil-Cy Sil-CN Sil-AN; Sil-AN5,
K « k « k @ k v
p-Dinitrobenzene 1.011 0.779 0.990 0.944
1.09 1.18 1.14 118
m-Dinitrobenzene 1.107 0.919 1.130 1111
i 109 1.67 1.32 1.31
o-Dinitrobenzene 1097 7 1.302 1.130 1.232
2,6-Dinitrotoluenc SN 1.147 1.383 1.189
1.08 1.08 ) 111 1.18
2.4-Dinitrotoluene i.237 7 1.237 1.541 1.400

because Sil-AN:; alwavs shows better selectivity than
Sil-ANz. To explain this. we are herewith proposing
multiple nteraction mechanisms between CN-m and
benzene-x: Figure 2 shows schematic illustrations for
Sil-AN3y and Sil-AN>;. A C=N group is polarized to
be 07 and o7, respectively.
gen bonding of the 6 -N atoms with OH groups on
silanol groups. On the other hand. the 67-C atoms can

This will enable hydro-

interact with clectron-rich aromatic rings. The inter-
action between CN—1 and benzene—x electrons is not
vet directhy detected but we can estimate it by using
an inhibitor. On the separation behavior of Sil-AN- ),
addition of gcetonitrile v a water as @ mobile phase
showed no change in the ~electuviny tor sulhene isomers
while addition of methanol or ethanol showed signin-
cant change in the selectivity (shown in Figure 31, This
indicates that a CN group in acetonitrile works as an in-
teraction source to cause the reduction of the retention
time. On the basis of this assumption. AN is enough
large to provide CN-rich microenvironment suitable for
multiple interaction with polycyclic aromatic hydrocar-
bons but AN 1~ probably too short. In addition, it
should be noted that polviacrylonitrle) is rather rigid
than flexible o be coiled.!™ This explains why AN,
provides better ~electivities for structural and geomet-
rical isomers. Muluple mteraction must be an advan-
tage in recognition of ~omers. especially it is effective
in case of planer-to-planer «nd rigid-to-rigid. We have
previously described this in the interaction between a-
helical poly(L-alanine) and polvevchic aromatic hydro-
carbons.'"! The planarity is better in p-terphenyl and
trans-stilbene than o-terphenyl and cis-~tilbene. respec-
tively. Also. the multiple interaction 1~ probably more
effectively with linear compounds such as naphthacene
than in bending compounds such as crysene because
the interaction ability would be dominated by the con-
tact area between host-guest molecules.

Selectivity for Dinitrobenzene and Dinitrotoluene
[t is important that nitro group-containing aromatic

Polym. J.. Vol. 34, No. 6. 2002

compounds to analyze with HPLC because some of
them are carcinogenic or estrogenic compounds.'* As
shown in Table IV. the selectivity for dinitrobenzene
isomers on Sil-AN,, were less than that on Sil-CN. It
seems to be reasonable because dinitrobenzenes are so
small that the molecular-shape selectivity derived from
the polymer eftect of poly(acrylonitrile) are not demon-
strated. However. the better selectivity with Sil-AN,,
was observed for dinitrotoluene isomers. It can be
explained by the fact that a methyl group of dinitro-
toluene works as an electron donating groups at which
T-clectron density in the benzene ring increases and
thus Sil-AN, can recognize the small difference of
them. Tt is expected that Sil-AN,, can be used to sep-
arate tor isomers of endocrine disturbing chemicals or
agents of pharmacies because most of them are aro-
matic with many isomers containing donating groups.

CONCLUSIONS

The eftects of polymerization degree of poly (acry-
lonitrile) on selective interaction for m-electron contain-
ing compounds were estimated by grafting the poly-
mer onto silica and evaluating the retention behav-
ior in HPLC. Sil-AN,, showed much better selectivity
for polycyclic aromatic compounds with structural and
geometrical isomers than simply-cvanopropylated sil-
ica (Sil-CNy and simply-hydrophobized silica (Sil-Cy).
We have also confirmed that the selectivity increases
with an increase in polymerization degree. This can
be explained by multiple CN—x-to-benzene— interac-
tion showing the polymer effect. In closing. we wish
to emphasize Sil-AN,, useftul for substantial HPLC be-
cause Sil-CN with less selectivity than Sil-AN,, is still
important as an unique packing materials for HPLC
although compared with Sil-Cy and octadecylated sil-
ica have been most widely used. [t will be possible
that specific separations for st-electron containing com-
pounds such as dioxins, endocrine disturbing chemicals
and drugs are achieved by Sil-AN,,.
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