Available online at www.sciencedirect.com

SCIENCE@DIREGT° JOURNAL OF
CHROMATOGRAPHY A

I

ELSEVIER Journal of Chromatography A, 1030 (2004) 231-236

www.elsevier.com/locate/chroma

Influence of air on polybutadiene used in the preparation of stationary
phases for high-performance liquid chromatography

Nilva P. Lopes, Kenneth E. Collins, Isabel C.S.F. Jaidim

LABCROM-Laboratério de Pesquisas em Cromatografipilda, Instituto de Quiica, Universidade Estadual de Campinas,
Caixa Postal 6154, CEP 13084-971 Campinas, SP, Brazil

Abstract

A 100 ml bottle of polybutadiene, PBD, was repeatedly exposed to air over a period of 6 months. Samples were taken at time zero (PBD-0),
after 3 months (PBD-3) and 6 months (PBD-6). These samples were sorbed onto HPLC silica by an open-air solution—evaporation procedure,
which involved exposure to the atmosphere for 6 days. Portions of the three sets of samples were used to compare self-immobilization and the
effects of 100C thermal treatments in air or nitrogen on HPLC performance of the resulting phases. It is concluded that self-immobilization
is enhanced by prior exposure of sorbed PBD to air and subsequent heating° @t fl@her enhances column performance. The best
performance (10plates mt) resulted from 4 h heating of PBD-6 material in nitrogen.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction depolymerisation start only at higher temperatures. How-
ever, when these studies have been realized in the presence
Polybutadiene (PBD) is one of the most popular elas- of oxygen, thermal oxidation of PBD occurs: it involves
tomeres widely used in the industry because of its unique, autocatalytic processes which start with peroxide formation
physical properties as elasticity, tougness and durabili- followed by decomposition via radical-induced reactions
tiy [1]. The microstructure of the PBD, determined by resulting in alcoholsq,B-unsaturated and saturated ketones
the content of thecis, trans and vinyl-configurations, is  [9-11] The thermal oxidation of PBD of different mi-
of particular importance since it influences a wide range crostructures, measured between 60 and°@@vas found
of physical propertieg2]. Several studies have shown to be similar to photooxidatiof®,10].
that PBD is sensitive to oxygen, heat, UV radiation and One use of PBD is for the deposition and immobi-
gamma radiation, affecting the lifetime of the whole lization on HPLC silica[12-16] and other support ma-
system, i.e., causing deterioration of physical properties terials such as aluminfl7-19] titania [20] and zirconia
[3-6]. [21-27] to give stable and efficient stationary phases for
Thermal degradation of PBD has been the subject of use in reversed-phase HPLC. Immobilization of PBD by
numerous studie$4,5,7,8] Studies realized in inert at- radical initiators such as dicumyl peroxide, followed by
mospheres, show that at temperatures up to°€5Qhe thermal treatment, has been extensively studik2i-14,
main process is crosslinking, with preferential consump- 17,18,20-27]Other procedures, such as immobilization by
tion of vinyl groups. By heating to 30@C and above, @ gamma radiatio12,15] or microwave radiatioifl6], have
this crosslinked polymer is decomposed yielding soluble also been studied.
degradation productft,5]. The results of Chiantore and Experiments are reported in the present paper that relate
others[7,8] on the thermal decomposition of PBD contain- to the self-immobilization and thermal-immobilization of
ing different ratios ofcis, trans and vinyl confirmed that  PBD onto HPLC silica without the use of dicumyl perox-
isomerisation, crosslinking and cyclization are the most ide and in the presence or absence of molecular oxygen.
characteristic reactions under 250D. Fragmentation and The purpose of the work has been to explore whether
oxygen, a reactive di-radical species, is a significant partici-
* Corresponding author. TeH:55-1937883061; fax+55-1937883023. pant in the self-immobilization and thermal-immobilization
E-mail addressicsfi@igm.unicamp.br (I.C.S.F. Jardim). processes.
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2. Experimental extraction of all the non-immobilized (excess) PBD. First,
chloroform and then methanol were passed through the ma-
2.1. Materials terial at 1 mImin® for 3 h at ambient temperature, for each

solvent. After this procedure, the stationary phase contained
Spherical Rainin silica (100-5) (Varian: PK.101-K5) has in the tube was removed and the solvent was evaporated at
a mean particle diameter ofgn, 0.55ml g specific pore room temperature.
volume and 188rg~! specific surface area. The PBD
polymer (mean molar mass of5000, 80% 1,4&:is/trans 2.3. Column packing
and 20% vinyl), catalog No. 38,369-4, was obtained from
Aldrich. Hexane (Mallinckrodt, HPLC grade) was used Columns (60 mmx 3.6 mm) were made from type 316
as solvent in the preparation of stationary phases. Filteredstainless-steel tubing. The internal surface was polished
methanol (Mallinckrodt, HPLC grade) and water (Milli-Q) using a technique developed in our laborat@®@]. The
were used to prepare the mobile phases. Filtered chloro-columns were downward packed using 10% (w/v) slurries
form (Merck, analytical-reagent grade) and methanol were of each stationary phase in chloroform. A constant packing
used for the extraction of excess polymer. The com- pressure of 34.5MPa (Haskel packing pump) was used,
pounds used for the chromatographic testing (uracil, ace-with methanol as propulsion solvent. Columns were condi-
tone, benzonitrile, benzene, toluene and naphthalene) werdioned for 2 h with a mobile phase consisting of methanol
analytical-reagent grade and were not further purified. and water 70:30 (v/v) at 0.3mlmid. Each phase was
evaluated chromatographically with duplicate columns.
2.2. Preparation of stationary phase
2.4. Column testing
In an earlier papefl5] it was shown that a 50% loading
of PBD on silica particles (1g PBD to 1g silica which had The chromatographic evaluation of column performance
been dried at 150C for 24 h) produced the best chromato- was done with a modular HPLC system equipped with a
graphic parameters. Various batches of PBD-loaded silica Shimadzu LC-10 AD pump, a Rheodyne model 8125 injec-
were prepared by mixing a solution of PBD in hexane (at tion valve (5ul loop) and a Shimadzu model SPD-10 AV
a ratio of 1g PBD per 12 ml of hexane) with a suspension UV-Vis detector (at 254 nm). Data acquisition used Chrom
of silica in hexane (1 g silica per 12 ml of hexane). The sus- Perfect for Windows, version 3.52 and Report Write Plus
pension was stirred for 3h. After the hexane was slowly software (Justice Innovations).
evaporated, without stirring, at room temperature the sta- The standard sample mixture used in this study contained
tionary phase remained in storage at room temperature forthe solutes: uracil, acetone, benzonitrile, benzene, toluene
6 days. and naphthalene. The mobile phase was methanol-water
In the present work, samples of PBD were taken period- (60:40, v/v) or (70:30, v/iv) at 0.2mimirt for the
ically from a reagent bottle initially containing 100 ml of non-heated and heated phases, respectively. The optimal
the reagent. The bottle was opened permitting fresh air to flow-rate was determined by a van Deemter plot. The col-
enter various times over a period of 6 months. Samples forumn dead timety, was determined using uracil as an
the present work were taken at time zero (PBD-0), after 3 unretained compound. Chromatographic performance was
months (PBD-3) and 6 months (PBD-6). These three sam-evaluated by means of efficiency [plates per melL)],
ples were sorbed onto three equivalent batches of silica byretention factor K), resolution (Rs) and asymmetry factor
the above procedure. (As) measured at 10% of the peak height.
Several 3g quantities of PBD-loaded silicas, prepared
from each of the three PBD samples (PBD-0, PBD-3, 2.5. Physical and chemical characterization of PBD and
PBD-6), were put into tubes for the purpose of solvent stationary phases
extraction, column packing and column testing. Other
PBD-loaded silica samples were sealed under air in tubes.2.5.1. Gel permeation chromatography
These sealed tubes were subjected to heat treatments at Samples of the PBD-0 and PBD-6 were analyzed by
100°C for 1, 2 or 4 h prior to extraction, packing and test- GPC to determine if there was degradation or crosslinking
ing. The other PBD-loaded silica samples obtained from of the chains during the time that the bottle of PBD was
the three batches of PBD were placed in flow-through ex- stored. The GPC was performed in a Waters chromatograph

traction tubes and heated at Z@under a 4 mImin? flow equipped with a model 510 pump, model 410 refraction
of high purity N, for 1, 2 or 4 h prior to extraction, packing index detector, model U6K injector and Millenium software
and testing. for data acquisition. The conditions of the analyses involved
columns of the America Polymer Standards Corporation
2.2.1. Solvent extraction 1000-20000, 300 mm 7.8 mm i.d.; an injection volume of

Tubes containing the non-heated and heated phases wer250ul; detector at 40C and tetrahydrofuran as the mobile
connected to a Waters 510 pump (Milford, MA, USA) for phase at a flow-rate of 1.0 mlmih, while the injection
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solutions were prepared at concentrations of 0.5% (v/v) in
tetrahydrofuran. PBD-0
2.5.2. Nuclear magnetic resonance

Samples of the PBD-0 and PBD-6 were analyzed3y
NMR spectra to identify some oxidation producdfC NMR
spectra of PBD measured inECl3 in an INOVA-500 spec-
trometer (Varian) at 500 MHz, at ambient temperature. A
spectral width of 31.5 kHz, 48C pulse, pulse repetition time
of 2s and 512 scans were used.
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2.5.3. Infrared spectroscopy ‘ ‘ ‘ ‘ 3
Infrared spectra were obtained of the PBD-0, the PBD-6, 4000 3200 2400 1600 800

the silica and the all stationary phases, non-heated and Wavenumber (cm)

immobilized by thermal treatment in the presence of air Fig. 1. IR spectra of PBD-0 and PBD-6.

or in pure nitrogen, using a BOMEM FT-IR model DA-8

instrument.

The crosslinking can improve the thermal and mechanical
2.5.4. Percent carbon properties[30]. The intermolecular crosslinking results in
The percent carbon was obtained by elemental analysis ofthe formation of a three-dimensional network and, conse-
each stationary phase after column packing using a modelquently, causes partial insolubilization of the polyri@.
CHN-2400 Perkin-Elmer analyzer. In the infrared analysis, both spectra of PBD-0 and PBD-6
are similar Fig. 1). These spectra show the identification
of the bands associated wittis- and transCH=CH and

3. Results and discussion vinyl CH=CH structural groups of the PBD. The regions of
3330-2600 and 1700-1600 cthare assigned to theCH
3.1. Characterization of PBD stretching and €C stretching modes, respectively. The re-

gions of 1500-1000 and 1000-500cthare assigned to

During the time that the PBD was repeatedly exposed to IN-Plane=CH and out-of-plane=CH modes, respectively.
air over a period of 6 months we observed an increase of 1NiS last region is very characteristic of PBD. Ttie-1,4,
the viscosity of the PBD. Samples of the PBD at time zero rans1,4 and vinyl structures give rise to sharp bands at 728,
(PBD-0) and 6 months (PBD-6) were submitted to analysis 966 and'91.1 cml, respectively, and are thereby amenable
by gel permeation chromatography, infrared spectroscopy {0 guantitative measuremefitl].
and nuclear magnetic resonance B€. The data obtained The same absorptions also appear %@ NMR spec-
by GPC are shown ifiable 1 We can observe thata smallin-  tra of the PBD-0 and PBD-6Hg. 2): 129.3ppm (a) and
crease of mean molar mass of PBD occurred after 6 months 27-4Ppm (b) associated with the allylic and the vinylic
Considering that the oxidation occurred during the storage carbons of thecis-1,4-configuration; 129.9ppm (c) and
of the bottle, it is generally assumed that oxidation results 327 PPm (d) assigned to the allylic and vinylic carbons of
in multiple scissions to cause the formation of final products the trans-1,4-configuration; and 114.1 ppm (h); 142.5ppm
like carboxylic acids or volatile compoundg9]. Viscos-  (9); 43.5ppm (f); and 38.1 ppm (e) assigned to the terminal
ity and other molecular measurements confirm this point. Vinylic carbon, the non-terminal vinylic carbon, the tertiary
However, radical recombination can also occur to result in €@rbon and the secondary carbon of the 1,2-vinylic config-
an increase of molar mass and possible crosslinfaeg uration, respectlveli@]. The spectra are not fully analyzed
During the crosslinking reactions, the average molar mass@S the chains of mixed structure exhibit more complex
of the chains increases, thus causing the sample to becomé&P€ctra because of sequence eff¢g;.

gradually insoluble in solvents for the linear polynj2®]. No formation of oxidation products, such as ester group,
carboxylic acid group, hydroperoxides, alcohols and ketones

were observed, as found in the photo-oxidized PBD by De
Table 1 Paoli[3].
GPC analysis of PBD at time zero (PBD-0) and after repeatedly exposed  Although PBD experiences crosslinking during 6 months
to air over a period of 6 months (PBD-6) in the presence of air, the presence of oxidation products is
Analysis of PBD GPC parameters absent according to the infrared spectroscopy and nuclear
magnetic resonance spectroscopy f€. Baba et al[33]

Mean molar mass (Mn) PolydispersitX . . : e
have shown that both reactions (oxidation and crosslinking)
PBD-0 8213 11 involve radical processes, so that crosslinking reactions can
PBD-6 8653 11

occur on the same time scale as oxidation. The conventional
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Fig. 2.13C NMR spectra of PBD-0 and PBD-6 showing the assignments.
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Fig. 3. Chromatographic behavior of non-heated stationary phases pre-
pared with PBD-0, PBD-3 and PBD-6. Test mixture: (1) uracil; (2) ace-
tone; (3) benzonitrile; (4) benzene; (5) toluene; and (6) naphthalene.
Chromatographic conditions: mobile phase, methanol: water (60:40, v/v);
flow-rate, 0.2mlmin?; volume of injected sample, |8; and detector,

UV at 254 nm.

with exposure of the polymer to air (Qinside the reagent
bottle shows that air-modified forms of the reagent PBD
are more rapidly adsorbed (immobilized) onto the silica
surfaces than non-modified polymer molecules.

Fig. 3shows the chromatographic behaviour of non-heated

analytical tgchniques such as FT-IR spectrometry gsed for stationary phases prepared from PBD-0, PBD-3 and PBD-6,
the evaluation of the chemical changes that occur in poly- using methanol:water (60:40, v/v) as mobile phase. We can
meric materials upon ageing are not efficient enough to de- gbserve that only the PBD-6 stationary phase presented

tect the crosslinking reactions.
3.2. Experiments with non-heated phases

Although from the infrared spectra of the PBD it is not

separation of all the compounds of the test mixture.

3.3. Experiments with heated phases

Table 3shows chromatographic data obtained following

possible to observe differences between the PBD samplesihe heating of samples of PBD-0 and PBD-3 at 10Gn

chromatographic differences were observed. Chromato-

the presence of air or puresNHeating either material in

graphic parameters of columns prepared from non-heatedthe presence of N(absence of €) does not appear to alter
stationary phases of PBD-0, PBD-3 and PBD-6, are given the efficiencies of columns prepared from these stationary

in Table 2 The increase in column efficiency (and %C)

Table 2

phases: in both cases the efficiencies obtained are similar
to samples of PBD-0 that were not heatfalfle 9. It is
also seen that £ when present during the heat treatment,

Chromatographic parameters of stationary phases prepared with PBDgreatly improves4{doubles) the efficiencies of the PBD-0

exposed to air for different periods, without thermal treatment

Time of Chromatographic parametérs Percent
use of carbon after
b b .C
PBD NIL As K R’ column testing
0 day 24300+ 1700 15 0.4 1.2 0.9
3 months 35200t 1600 14 0.6 2.0 11
6 months 78100t 1700 1.4 31 7.0 5.7

a Chromatographic conditions: mobile phase, methanol: water (60:40,
v/v); flow-rate, 0.2 mImin®; volume of injected sample, | 8; and detec-
tor, UV at 254 nm.

b Calculated for the naphthalene peak.

¢ Column dead time was measured with uracil.

d Calculated for the toluene—naphthalene pair.

and PBD-3 stationary phases.

Table 4gives the chromatographic results from PBD-6
samples following heating for different time periods at
100°C, in air and in N. Heating in air for 1, 2 or 4h
gives similar high-efficiencies (70 000—79 000 platesjn
The other parameter,(Rs and %C) are consistent with
increases in stationary phase mass with heating time.

Heating in the absence of,Jor 1, 2 and 4 h at 100C
(Table 4 gave an unexpected result, an increase in efficiency
with the increase of the time of heating. An impressive in-
crease in efficiency (100 000 plates ) was obtained after
4 h of heating.
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Table 3
Chromatographic parameters of stationary phases prepared with PBD-0 and PBD-3 immobilized by thermal treatmégt fr 100 in air or for 4h
in an inert atmosphere @)

Atmosphere Time of use of PBD Chromatographic paraméters Percent carbon after
column testin
N/LP AsP X R¢ g
Air 0 day 58400+ 1200 1.8 15 3.9 7.0
3 months 61506t 200 1.2 25 4.9 7.3
Inert (Np) 0 day 22900+ 800 1.6 2.9 3.2 10.6
3 months 24806t 300 1.6 3.3 3.4 11.0

a Chromatographic conditions: mobile phase, methanol: water (70:30, v/v); flow-rate, 0.2tmalume of injected sample, 8; and detector, UV
at 254 nm.

b Calculated for the naphthalene peak.

¢ Column dead time was measured with uracil.

d Calculated for the toluene—naphthalene pair.

Table 4
Chromatographic parameters of stationary phases prepared with PBD-6 immobilized by thermal treatmefCdabf@ferent times in air or in an
inert atmosphere (Y

Atmosphere Time (h) Chromatographic paraméters Percent carbon after
column testin
N/LP AsP Kb.c R¢! g
Air 1 76800+ 1800 1.3 4.1 6.5 13.0
2 74700+ 1300 1.0 5.2 7.1 15.2
4 71100+ 300 1.3 8.8 8.1 16.4
Inert (Np) 1 53600+ 2200 1.2 5.3 55 14.1
2 76200+ 700 1.7 5.6 7.0 15.2
4 100000+ 1800 11 7.6 8.8 18.6

a Chromatographic conditions: mobile phase, methanol: water (70:30, v/v); flow-rate, 0.2 nitmatume of injected sample, |8; and detector, UV
at 254 nm.

b Calculated for the naphthalene peak.

¢ Column dead time was measured with uracil.

d Calculated for the toluene—naphthalene pair.

Fig. 4 shows chromatograms obtained with PBD-6 using PBD with air before the preparation of stationary phases
columns from thermal treatments in air (10D for 1 h) is necessary to obtain columns that exhibit good chromato-
and in an inert atmosphere (100 for 4h). In both cases  graphic parameters, but that further oxidation, which occurs
all compounds of the same test mixture are separated, al-during thermal treatment in the presence of air, is not
though for the treatment in an inert atmosphere)(Nhe favorable.
analysis time was increased due to the increase of stationary
phase mass. When these conditions were used for stationar.4. Characterization of stationary phases
phases prepared with PBD-0 and PBD-3 lower efficiency
values were observed, especially for the treatment in pres- These results of chromatographic behaviour can be inter-
ence of N (Table 3. These results show that reaction of preted from the infrared spectra. The silica spectrum (Fig. 5)
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Fig. 4. Chromatographic behavior of PBD-6 stationary phases immobilized by thermal treatment at 100°C (&) in air for 1h (b) in an inert atmosphere
(N2) for 4h. Test mixture: (1) uracil; (2) acetone; (3) benzonitrile; (4) benzene; (5) toluene; and (6) naphthalene. Chromatographic conditions: mobile
phase, methanol: water (70:30, v/v); flow-rate, 0.2ml min~!; volume of injected sample, 5pl; and detector, UV at 254 nm.
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Fig. 5. IR spectra of silica and PBD stationary phases thermally immo-
bilized (100°C) in the presence of air for 1, 2 and 4h.

showsaband at 3448 cm~1, dueto vibrations of the hydroxyl
groups having a hydrogen bridge to physically adsorbed wa-
ter. Another band, at 1112 cm™1, is attributed to the siloxane
groups and that at 979 cm~1 is assigned to the stretching vi-
bration of free silanols [34]. The stationary phase spectra of
samples heated in air for 1 and 2h (Fig. 5) show character-
istic bands of the PBD (Fig. 1) and silica, but for the sta-
tionary phase heated for 4 h, we can also observe a band at
1722cm~L. This band is characteristic of ketone formation
[3,35], indicating that some oxidation of the PBD has taken
place. For the non-heated stationary phase and the stationary
phase heated in an inert atmosphere, we have not observed
any alteration of the infrared spectra.

4. Conclusions

The immobilization of PBD in porous silicais a complex
process, influenced by the level of oxidation and crosslink-
ing of the PBD and the percent loading of the silica to
produce columns that exhibit good chromatographic perfor-
mance. The best stationary phase was obtained with the sta-
tionary phase using PBD-6 heated at 100°C for 4h in an
inert atmosphere (N>).
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