JOURNAL OF
CHROMATOGRAPHY A

s o

ELSEVIER Journal of Chromatography /969 (2002) 133-141

www.elsevier.com/locate/chroma

Ketoimino groups as silica surface modifiers
W. Wasiak , . Rykowska , A. Voelkel*

“Faculty of Chemistry, Adam Mickiewicz University, Grunwaldzka 6, 60 780 Poznai, Poland
®Institute of Chemical Technology and Engineering, Poznafi University of Technology, Pl. M. Sklodowskigj-Curie 2,
60-965 Poznaf, Poland

Abstract

The presented work is devoted to Porasil C silica, with organic compounds bonded to its surface and capable of
electron-donor—acceptor (EDA) interactions. These packings are a good base for studying interactions among stationary
phases and the adsorbate molecules showing electron-donor properties. The presented work concentrates on the phase
containing ketoimino groups at their surface. Copper and chromium chlorides were bonded through these to the surface.
Physicochemical characteristics of the obtained packings were determined by the use of elemental analysis, differential
scanning calorimetry (DSC) and inverse gas chromatography. We examined the influence of the surface modification on the
retention parameters of the nucleophilic compounds.
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1. Introduction the above parameters in a simple way, by changing
the composition of the chemically bonded phase,

Silica gel is a base material for chromatography, makes these packings important from both analytical
extraction, filtration, etc. Its surface may be modified and physicochemical points of view.
in different ways. The presented work is devoted to The complexes of transition metals pwith
Porasil C silica, with organic compounds bonded to ketoimine are characterized by the use of high
its surface and capable of electron-donor—acceptor volatility and this fact enables their efficient use in
(EDA) interactions. Such modified silica may be the analysis of metals by gas chromatography [6,7].
used as a packing in complexation gas chromatog- Due to the high values of the stability constants of
raphy (CGC). Such packings are characterized by the the above complexes, these ligands were also em-
high selectivity, thermal stability and resistance to ployed for the separation of metals by the use of the
different external factors [1-5]. These packings form liquid chromatography [8].
a good base to study interactions between stationary Due to co-ordinative unsaturation, additional lig-
phases and the adsorbate molecules showing elec- ands can be inserted in the unoccupied co-ordinative
tron-donor properties. A possibility of influencing positions of metal iminoketonates. They form ad-

ducts with Lewis bases through intermolecular
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acetimine) dissolved in squalane [9]. It was con-
cluded that strong electrostatic interactions occur
between copper and nickel chelates with-
ketoimines ando-type electron-donating molecules
containing an oxygen atom. The stability of adducts
decreases in the following order: cyclic ethers
ketones-esters-aldehydes-ethers.

The presented work concentrates on the phases

containing ketoimino groups at their surface. Copper
and chromium chlorides were bonded through these
to the surface. Retention parameters (retention index,
separation factor, specific retention volume, molecu-
lar retention index) for packing with bonded metal
and packing with no metal were compared. The latter
was regarded as a reference. On the basis of the
retention parameters obtained, we have performed an
evaluation of the specific interactions observed and a
determination of the effect of adsorbate molecule
structure and retention time depending on a packing
was investigated. Adsorbates used in the study were
the following nucleophilic compounds: aliphatic
halogenated hydrocarbons.

Physicochemical characteristics of the obtained
packings were determined by the use of elemental
analysis and differential scanning calorimetry (DSC).

2. Experimental
2.1. Reagents

Silica gel (Porasil C, 80-100 mesh) was pur-
chased from Waters Associates, Milford, MA, USA.

Silane [2-(3-triethoxysilylpropylimino)-3r-butyl)-
pentanone-4)], which was used for the modification

Table 1
Physicochemical characteristics of examined packings
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of the silica surface, was obtained from the
Metaloorganics Department of the Adam Mickiewicz
University, Poznan, Poland. Hexamethyldisilazane,
which was used to deactivate free silanol groups in
the “end capping” reaction, was purchased from
Riedel-De Haen (Germany).
Other reagents were from POCh (Gliwice, Poland)
or Fluka (Buchs, Switzerland). The compounds used
for the determination of chromatographic properties
of packings were manufactured by different com-
panies Fluka (Buchs, Switzerland), Aldrich (Mil-
waukee, WI, USA) and ICN (Plainview, TX, USA).
They were either certified or of analytical grade.

2.2. Apparatus

Chromatographic measurements were carried out
on a gas chromatograph CHROM 5 (Czech Re-
public) equipped with a flame-ionization detector.
The temperature in the oven was determined using a

DT 2000 thermometer (Digital Thermometer, Slandi,
Warsaw, Poland) and the pressure at the column inlet
was measured with a mercury manometer. Helium,
dried on molecular sieve 4A, was used as carrier gas.
The flow-rate of the carrier gas was measured with a
digital flowmeter (J&W Scientific, Folsom, CA,
USA). Stainless steel columns were used (X3n
mm 1.D.).
The obtained packings were characterized by
performing: (1) elemental analysis, and (2) DSC.
Elemental analysis was performed on a 2400 CHN
Elemental Analyzer (Perkin—Elmer, Norfolk, USA).
The obtained results are presented in Table 1.
Surface areas determined by the BET method are
listed in Table 1.

No. Packing Elemental analysis (%) Surface area
(m*g™)
C H N Metal

| R=n-Buacac, without metal 5.51 1.10 1.07 - 87

Il R =n-Buacac, meta+ Cu(ll) 5.62 1.87 1.00 1.71 88
Il R =n-Buacac, meta# Cr(lll) 8.19 1.59 1.66 0.05 83
\Y) R =Hacac, without metal 1.78 0.45 0.53 - 85

\% R=Hacac, metat Cu(ll) 3.38 0.60 0.51 1.60 83

R=H, n-Bu.
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The packings were also subjected to analysis by boiled for 12 h in a vessel provided with a reflux
DSC. DSC analyses were performed on a DSC-50 condenser under continuous stirring and careful
calorimeter (Shimadzu, Japan). protection against moisture. Unreacted silane was

extracted with xylene and hexane in a Soxhlet
2.3. Preparation of columns apparatus. After this operation, the silica was sub-
jected to drying under vacuum, and to so-called “end

The modification of the silica was performed in capping” reaction with hexamethyldisilazane
three stages. (HMDS), in order to deactivate free silanol groups

remaining at its surface.
2.3.1. Sage |

During the first stage, dry silica (Porasil C) was 2.3.2. Sage Il
immersed in a mixture of anhydrous xylene and The second step was the bonding of amino groups
3-aminopropyltriethoxysilane. The mixture was with 2,4-pentanodione mibGtyl-2,4-pentanodine.
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Fig. 1. Stages of reaction for the preparation of the packings.
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Fig. 2. Final complexes formed at the silica surface.

As the previous one, this reaction was also per- the changes taking place at the silica surface, be-
formed in anhydrous xylene for 12 h under continu- cause silica gel being more than 90% of the total
ous stirring. The system was protected against packing mass does not allow precise characterization
humidity during all the reaction time. The final of changes for other packing components (remaining
product (Hacac om-Buacac) of the reaction was 10%). Due to this fact, DSC [10] was used to obtain
extracted by the subsequent use of xylene and more detailed information about energetic changes at
hexane in a Soxhlet apparatus. Finally, the silica was the silica surface at different temperatures. Beside an
dried under vacuum. advantage of measuring changes taking place only at
the silica surface rather than for the whole support, a
formation of complexes at the support surface can be

2.3.3. Sage Il proved by the use of the DSC analysis. Note,

During the third stage, the last reaction was
performed—bonding of copper(ll) and
chromium(lil). Dry, partially modified, silica from

however, that the DSC analysis was not used to
precisely characterize physicochemical properties of
the packings under study, but only to determine their

the previous stage was immersed in an anhydrousthermal stability.

tetrahydrofurane solution of either copper(ll) or

The results of the DSC analysis are shown in Fig.

chromium(lil) chloride and allowed to stand for 7 3. As it can be seen, in both cases bonding of the
days at room temperature. The system was protectedmetal was practically complete, as the peak, being
against moisture. Finally, the silica was filtered off, characteristic for the free ligand (curve 1), disap-
the excess of CuGl was extracted with tetrahydro- peared completely after introducing copper (curve 2)
furane in a Soxhlet apparatus and the silica was and chromium (curve 3). The complexes formed at
dried. the surface are considerably more stable than the free
The above stages as well as the complexes formedligand.
at the surface of the silica support are shown in the  The influence of the modification on the chromato-
Figs. 1 and 2. graphic properties of the obtained packings was
determined by the injection of several test com-
pounds to the columns. These compounds belong to
a wide group of different classes of organic com-
pounds differing by electron-donor properties as well
as their configuration. Particular attention was paid
One of the most important parameters of packings to include the high number of isomers, as their
for gas chromatography is their thermal stability. separation proves a high selectivity of a stationary
Thermograms obtained by the use of classical phase. Among othersgis- and trans-isomers of
thermogravimetric analysis usually do not reflect all alkenes G and € were separated on the examined

3. Results and discussion
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Fig. 3. DSC results for examined packings (the left figure: packing | from Table 1—curve 1, packing ll—curve 2, packing Ill—curve 3; the

right figure: packing IV—curve 1, packing V—curve 2).

packings (Fig. 4). Other test compounds were as

follows: aliphatic hydrocarbons, both linear and

branched (including monomethylpentenes,
methylbutenes  and  trimethylpentenes),
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Fig. 4. Separation of C —C alkenes; column: CuCl . ¥21,5

di-
and

ml/min, column temperature: 1EC; peaks: (1)rans-pentene-2,

(2) cis-pentene-2, (3jrans-hexene-2, (4kis-hexene-2, (5jrans-

heptene-2, (6kis-heptene-2.

halogenohydrocarbons (including dichlorobutenes
and trichloroethanes) (Figs. 5 -7).
The following retention parameters were deter-
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Fig. 5. Separation of branched aliphatic hydrocarbons; column:
CrCl,; V,;.=23.1 ml/min, column temperature: 98; peaks: (1)
3-methylpentane, (2) 3,3-dimethylbutene-1, (3) 2,3-dimethyl-
butene-2, (4) 3-methylpentene-1, (5) 2,2,2-trimethylpentane,
(6) 2,4,4-trimethylpentene-2, (7) 2,4,4-trimethylpentene-1.
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Fig. 6. Separation of halogenohydrocarbons; column: GuCl ;
V,e=19.1 ml/min, column temperature: 135; peaks: (1) 2-
dichlorobutane, (2) 1-chlorobutane, (3) 1,1-dichlorobutane, (4)
1,2-dichlorobutane, (5) 1,4-dichlorobutane.
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Fig. 7. Separation of aromatic halogenohydrocarbons; column:
CuCl,;V,,,=22.3 ml/min, column temperature: 180; peaks: (1)
benzyl chloride, (2)n-amyl bromide, (3) chlorobenzene, (4)
bromobenzene.

mined: capacity factorkj, retention indexI(), spe-
cific retention volume(;), and molecular retention
index AM,). For the definition of the latter see Ref.
[11]. Results for some packings are given in Tables
2-5.

Significant differences in the interactions of the
adsorbates with the packings were found. The ab-
sence of an element capable of co-ordinative interac-
tions, such as a metal, lead to lower values of
particular retention parameters (see the results in
Tables 2—-6 for the reference packings | and IV
without a metal).

Results of the studies on the effect of the structure
and configuration of linear and branched aliphatic
hydrocarbons show that the strength of the charge—
transfer interactions is mostly affected by: the level
of the adsorbate saturation, number of unsaturated
bonds and their mutual positions, and accessibility of
an unsaturated bond.

4, Conclusions

The series of chromatographic packings, showing
the high ability to specific interactions was prepared
and examined. The introduction of metal complexes
chemically bonded to the stationary phase signifi-
cantly increased the values of retention parameters in
comparison to the reference packings.

Retention parameters of linear and branched ali-
phatic hydrocarbons, as well as halogenohydrocar-
bons, determined on the packings with chemically
bonded complexes of Cu(ll) and Cr(lll) were com-
posed and compared. The obtained results arrange
the studied packings, taking into account increasing
values of retention parameters, in the following way:

packings with no metal
< packings with bonded CuCl,
< packings with bonded CrCl,

It was proven that values of specific interactions
between a metal complex and a nucleophilic adsor-
bate are determined, not only by the factors related
to the packing, but also by a structure and a
configuration of an adsorbate molecule, i.e. unsatura-
tion factor, number of unsaturated bonds and their
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Table 2
Retention parameters for halogenated aromatic hydrocarbons
No. Adsorbate Packing Packing modified with Packing modified with CrClI
without metal (1) Cucj (I ({1D)]
k AM, \A (I k AM V, [ k AM V, I &
1 Chlorocyclohexane 10.98 476 10.67 865 17.46 6.45 18.31 877 21.30 1151 21.72 913
2 Fluorobenzene 5.81 4.42 5.65 752 6.44 8.16 6.75 729 5.87 6.92 5.98 720
3 Chlorobenzene 3.561 —15.88 3.41 675 4.72 —14.50 4.95 685 6.16 —8.49 6.29 728
4 Bromobenzene 9.15 —37.91 8.89 835 13.24 —3581 13.88 845 17.09 —31.44 17.43 881
5  para-Chlorotoluene 14.61 348 1421 913 21.03 432 22.04 915 29.14 9.99 29.71 959
6  meta-Chlorotoluene  16.71 6.60 16.24 935 26.22 6.95 27.49 938 34.42 13.42 35.09 984
7  ortho-Chlorotoluene  16.38 6.14 15.92 932 25.56 6.42 26.80 934 31.01 11.27 31.61 968
8 1,2-Dichlorobenzene  34.41 3.14 33.45 1056 57.67 297 60.46 1055 70.47 8.24 71.85 1092
9 1,3-Dichlorobenzene 26.10 —3.40 25.37 1009 4191 -3.66 43.93 1008 57.68 3.95 58.82 1062
10 1,4-Dichlorobenzene 21.02 —8.46 20.44 973 30.65 —-10.21 32.13 961 4055 —-3.59 41.35 1008

Retention factork), retention indexl(), molecular retention indexA,), specific retention volumevf); column temperatur& =130°C.

mutual positions, as well as number and types of Analysis of the influence of the structure and
substituents. configuration of aliphatic hydrocarbons has proven
Beside an increase of adsorbent—adsorbate interacthat the strength of charge—transfer interactions
tions, all the packings modified with metals were substantially depends on the adsorbate unsaturation
characterized by higher selectivity in comparison to a degree, the number of unsaturated bonds and their
reference packing. It created a possibility to separate mutual positioning, as well as the accessibility of an
mixtures of compounds belonging to the same class, unsaturated bond.
with slightly different molecular structures. The Results of the retention studies, as well as the
presented chromatograms show great possibilities for chromatographic analysis, have proven that the pack-

the analytical use of the presented packings. ings studied may be successfully used in complex-
Table 3
Retention parameters for halogenated aromatic hydrocarbons
No. Adsorbate Packing without Packing modified
metal (1V) with CuCl, (V)
k AM, v, I k AM V, I
1 Chlorocyclohexane 8.22 7.56 11.13 885 8.25 12.57 23.24 921
2 Fluorobenzene 2.11 2.83 3.76 691 2.27 9.01 6.38 735
3 Chlorobenzene 5.64 7.98 8.89 845 6.01 12.08 16.91 874
4 Bromobenzene 9.36 —25.40 13.87 924 9.80 —22.10 27.58 947
5 p-Chlorotoluene 12.09 8.87 16.19 951 13.52 15.23 38.06 997
6 m-Chlorotoluene 11.75 8.17 15.73 946 13.14 14.61 36.98 992
7 o-Chlorotoluene 10.38 6.14 14.91 932 13.00 15.42 26.80 934
8 1,2-Dichlorobenzene 18.04 -0.28 25.49 1032 18.73 1.68 52.73 1046
9 1,3-Dichlorobenzene 12.99 -6.24 20.07 987 13.53 -5.17 38.09 997
10 1,4-Dichlorobenzene 13.24 —5.40 20.76 995 14.24 —-4.10 40.07 1004

Retention factor K), retention index I(), molecular retention indexAM,), specific retention volumeV(); column temperature
T=120.1°C.
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Retention parameters for halogenated hydrocarbons

No. Adsorbate Packing without metal (1) Packing modified with CuCl (1) Packing modified with CrCl (Ill)
k AM, vy I AM, Vg I = k AM Vy I &
1 1-Chloropropane 1.87 0.35 2.13 548 2.51 1.34 2.03 555 3.46 8.20 3.14 604
2 2-Chloro-1-propene 1.88 0.36 2.14 549 2.52 1.35 2.04 557 3.47 8.19 3.15 605
3 1-Chlorobutane 125 -23.13 142 481 153 -2328 124 480 189 -18.11 1.71 516
4 2-Chlorobutane 3.57 1.78 4.07 658 5.02 2.74 4.06 665 6.98 8.81 6.33 708
5 3-Chloro-1-butene 2.96 —-1.66 3.37 627 4.12 —0.56 3.34 634 5.48 4.55 4.96 671
6 1-Chloropentane 283 -17.79 322 619 123 -42.06 0.99 446 180 -35.38 1.64 493
7 2-Chloropentane 6.83 3.10 7.79 768 10.16 417 8.23 775 15.23 10.84 13.80 823
8 Dichloromethane 1.07 -19.46 1.22 452 2.08 -8.92 1.68 528 173 -12.67 1.57 501
9 1,1-Dichloroethane 235 -1451 268 588 398 -8.72 322 629 411  -866 3.72 629
10 1,2-Dichloroethane 2.63 -11.84 3.00 607 3.68 -1041 2.98 617 5.14 —-3.88 4.66 663
11 1,1-Dichlorobutane 235 —42.60 2.68 587 398 -37.11 3.22 627 348 —3348 3.94 652
12 1,2-Dichlorobutane 831 -1255 948 802 1255 -11.94 10.16 806 1382 -5.98 15.64 849
13 1,3-Dichlorobutane 9.92 -8.35 1131 832 24.45 3.23 19.80 914 17.49 -1.36 19.79 881
14 1,4-Dichlorobutane 1275 -254 1453 873 34.89 10.71 28.25 967 30.01 11.07 33.97 970
15 2,2-Dichlorobutane 1275  -2.36 1453 874 34.89 10.71 28.25 967 30.01 8.67 33.97 953
16 2,3-Dichlorobutane 6.07 -20.03 6.92 748 847 -20.35 6.86 746 346 —33.58 3.92 652
17 1,1,1-Trichloroethane 829 -19.33 9.45 800 1257 -18.15 10.18 809 1535 -15.77 1391 826
18 1,1,2-Trichloroethane 340 -4027 388 651 429 -41.48 347 642 454 -41.32 412 644
19 1,1,1,2-Tetrachloroethane 297 -771.87 3.39 627 376 —-79.20 3.05 618 341 -74.72 3.86 650
20 1,1,2,2-Tetrachloroethane 441 -68.48 5.03 694 16.09 —47.13 13.03 846 1594 -45.96 18.03 855
Retention factork), retention indexl(), molecular retention indexA,), specific retention volumevf); column temperatur& =130°C.
Table 5
Retention parameters for halogenated hydrocarbons
No. Adsorbate Packing without metal (IV) Packing modified with CUCI (V)
k AM, \A Ig k AM, V, R
1 1-Chloropropane 1.48 2.16 1.90 561 1.93 11.51 3.74 628
2 2-Chloro-1-propene 0.98 -2.31 1.08 507 1.10 —-1.56 2.12 527
3 1-Chlorobutane 2.59 291 3.34 666 3.53 10.68 6.83 722
4 2-Chlorobutane 2.22 -1.07 2.86 638 3.05 7.34 5.89 698
5 3-Chloro-1-butene 2.12 -1.23 2.73 630 3.73 12.92 7.21 730
6 1-Chloropentane 4.69 3.86 6.04 773 6.99 11.90 13.51 830
7 2-Chloropentane 3.81 —-1.41 4.90 736 5.68 7.31 10.98 798
8 Dichloromethane 1.63 —1.58 2.09 580 1.82 3.82 3.52 618
9 1,1-Dichloroethane 4.00 —-5.94 5.15 644 5.84 —-0.69 7.43 735
10 1,2-Dichloroethane 7.09 -1.20 9.14 847 9.44 1.60 14.93 907
11 1,1-Dichlorobutane 6.10 —-9.87 7.85 821 8.99 —-2.94 17.37 870
12 1,2-Dichlorobutane 7.04 —-6.14 1.06 847 11.55 2.60 22.32 910
13 1,3-Dichlorobutane 9.32 1.16 12.00 899 16.34 10.23 31.58 964
14 1,4-Dichlorobutane 13.11 9.32 16.88 8958 24.56 19.24 47.47 1028
15 2,2-Dichlorobutane 438 —18.30 5.64 761 561 —13.39 10.84 796
16 2,3-Dichlorobutane 594 -10.53 7.65 816 9.96 —0.66 19.25 886
17 1,1,1-Trichloroethane 244 —39.69 3.14 655 265 —36.68 5.13 677
18 1,1,2-Trichloroethane 6.93 —15.56 8.92 827 9.80 —7.62 18.94 884
19 1,1,1,2-Tetrachloroethane 8.51 —42.02 10.97 883 10.45 —40.43 20.20 894
20 1,1,2,2-Tetrachloroethane 499 -55.82 6.43 784 27.73 —18.90 53.59 1048

Retention factork), retention indexl(), molecular retention indexA,), specific retention volumevf); column temperatur& =130°C.
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Table 6

Retention parameters for hydrocarbons

No. Adsorbate Packing without metal (1) Packing modified with CuCl (I1) Packing modified with CrCl (1)

k AM, v, I k AM, v, I k AM Vv, I &

1 cis-2-Pentene 1.38 4.33 1.23 516 1.78 4.78 1.63 520 2.49 5.15 1.80 522
2 trans-2-Pentene 1.26 2.27 113 502 1.66 3.26 1.52 509 2.32 3.65 1.68 512
3 cis-2-Hexene 2.31 2.63 2.07 604 3.43 5.45 3.15 624 4.67 4.69 3.38 619
4 trans-2-Hexene 2.26 2.08 2.02 600 3.17 371 291 612 4.45 3.62 3.22 611
5 1,3-Hexadiene 2.76 6.81 247 634 4.26 10.19 3.91 658 6.25 11.09 4.52 665
6 1,4-Hexadiene 2.29 2.40 2.05 603 3.69 7.00 3.38 636 5.11 6.65 3.69 633
7 1,5-Hexadiene 2.34 2.89 2.09 606 3.63 6.67 3.33 633 4.60 4.38 333 617
8 cis-2-Heptene 4.38 3.72 3.92 712 6.47 5.27 5.92 723 8.97 4.97 6.49 721
9 trans-2-Heptene 4.22 2.86 3.77 706 5.83 3.02 5.34 707 8.32 3.33 6.02 709
10 2,3-Dimethyl-2-butene 128 -9.65 1.62 516 298 -812 221 545 333 0.36 2.49 588
11 2,3-Dimethyl-1-butene 2.68 3.96 2.77 614 3.22 4.14 2.90 615 4.02 4.32 3.01 616
12 3,3-Dimethyl-1-butene 181 -5.64 1.88 545 2.27 —3.76 2.04 559 2.73 -3.84 2.04 558
13 2-Methyl-pentane 219 -3.00 2.27 579 259 -276 233 580 3.23 -2.29 2.42 584
14 2-Methyl-1-pentene 231 0.40 2.40 588 3.20 4.02 2.88 614 3.79 3.08 2.83 608
15 3-Methyl-1-pentene 215 -141 2.23 576 2.73 0.40 2.45 589 3.29 0.12 2.46 586
16 4-Methyl-1-pentene 216 -1.34 2.23 576 275 0.61 247 590 3.40 0.82 2.54 591
17 2-Methyl-2-pentene 250 2.30 2.59 602 3.06 2.99 2.75 607 3.88 3.60 2.90 611
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