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Reviews

16. P.W. Carr, J.A. Blackwell, T.P. Weber, W.A. &fdr, and M.P. Rigney, "Zirconium Oxide Based Sufpfor
Biochromatographic Applications," @hromatography in Biotechnolog¢. Horvath and L.S. Ettre, (Eds.),
ACS Symposium Series No. 529, 146-64 (1993).

Abstract Porous microparticulate zirconium oxide is anedbent alternative to silica-based and
functionalized organic resin-based supports forségaration of biomolecules. The complex surface
chemistry of this chemically and physically stablgport can be exploited in a number of ways tldyie
biocompatible surfaces with unique selectivitidseatment of the particles with phosphoric acidvests
the amphoteric metal oxide surface to an efficeation exchanger. When using the bare partidhes, t
Lewis acid-base interactions between the surfaceium (1V) ions and Lewis base solutes can be
controlled by the use of competing eluent Lewiselsas give a novel ligand exchange support.

17. J. Nawrocki, M.P. Rigney, A. McCormick, and P.@arr, Review, "Chemistry of Zirconia and Its Use
Chromatography,J. ChromatogrA 657, 229-82 (1993).

Abstract The purpose of this review is to shed some lagghthe complex properties of zirconia’s surface
chemistry in order to better understand its behrawaer chromatographic conditions. We emphasige t
great differences between the much better knowmddigy of a silica surface and the chemistry of
zirconia’'s surface. The review describes bothpimgsical and chemical properties of zirconium diexi
from a chromatographic point of view. The chenyistf monoclinic zirconia surface is developed frisn
underlying crystalline structure. The paper démsithe dependence of the specific surface area, po
volume, porosity and mechanical strength on thetreatment. Methods of synthesis of
chromatographically useful zirconia are outlinéithe view also covers the adsorption properties of
zirconia a both gas-solid and liquid-solid integac Adsorption of water, carbon dioxide, carbon
monoxide and ammonia are described and the comsiiegeconcerning the surface concentration of
adsorption sites are presented. The complex clgroisa zirconia surface is pointed out and the
importance of ligand exchange reactions is emphdsiin contrast to a silica surface, ligand exgean
plays an important role in liquid chromatographiplications of zirconia. Strong, hard Lewis adtgés
present on a zirconia surface, can interact witd hawis bases and these interactions, sometimes
troublesome, can be successfully exploited evepifotein separations. Zirconia’'s surface can be
modified in many ways: dynamically, by additionaafmpeting Lewis bases to the mobile phase, or
permanently, by covering its surface with polymardy depositing carbon. The review also shows th
the main difficulty in achieving a wider variety applications is probably our lack of knowledge podr
understanding of zirconia’s surface chemistry.

23. J Nawrocki, C.J. Dunlap, P.W. Carr, and J.AadRivell, Review, "New Materials for Biotechnology:
Chromatographic Stationary Phases Based on Zir¢dBiatechnol. Prog10, 561-73 (1994).

Abstract This review explores the usefulness of zircoraadnl materials in separations in biotechnology.
The physical and chemical properties of zircongadiscussed briefly to familiarize the reader wité
advantages of zirconia. The use of native zircanthen examined, with a study of the Lewis acdd
chemistry that defines chromatography with zircorliéodification of the zirconia surface with small
molecules is then discussed. Finally, polymer-eoairconia materials are examined. Examples of
separations using these various-materials are shdlwa advantages and disadvantages of each @f thes
materials are presented.



51. P.T. Jackson and P.W. Carr, “Improving ReveiBkdse Liquid ChromatographyHEMTECH28, 29-37
(1998).

Abstract With the wide array of problems associated whig ¢urrent suite of RPLC stationary phases, new
materials, which are immune to chemical suscefitéslof silica, bonded phases, and polymers, are
needed. Zirconia, a chemically and thermally staliternative to silica developed at the University
Minnesota, is now manufactured by ZirChrom Sepanati

65. C. McNeff, L. Zigan, K. Johnson, P.W. Carr,\Wang, A.M. Weber-Main, “Analytical Advantages oighly
Stable Stationary Phases for Reversed-Phasel@3C 18(5), 514-529 (2000).

Abstract During the past five years, many manufacturersighi performance liquid chromatography
(HPLC) columns have focused on improving statiofamgse stability and reproducibility. Improved
column stability — both chemical and thermal — ffeew advantages, such as decreased analysianiine
new methods of selectivity optimization. More $#aHPLC packing materials have been achieved throug
advances in silane chemistry; however, the greatesbvements in stability have resulted from tise of
alternative nonsilica supports such as synthegiamic polymers, alumina, and zirconia. In thisctet the
authors describe their use of various test solatesmpare the efficiency, selectivity, and hydroipic
retention mechanisms of five commercially availabeL.C columns based on silica, alumina, zirconia,
and polystyrene cross-linked with divinlybenzeng&+PVB).

71. Christopher J. Dunlap, Peter W. Carr, Claytom¢Neff, Dwight Stoll, “Zirconia Stationary Phasfes
Extreme Separations&nal. Chem.598A-607A (2001).

Abstract Composite materials surpass standard silicorcartabn for stability and robustness in
complicated reversed-phase column applications.

77. R.A. Henry, “Highly Selective Zirconia-basedaBhs for HPLC ApplicationsAmerican Laboratory34(22),
18-25 (2002).

Abstract:Zirconia-based phases (Z-phases) for HPLC have &e&ilable for almost a decade, and are
finding a wide range of applicability because tlaeg very complementary to silica-based phases (S-
phases) and often replace total-polymer phase$iéBegs), particularly in reversed-phase (RP) apjiita

87. J. Nawrocki, C. Dunlap, A. McCormick, P. W. €dPart |. Chromatography Using Ultra-Stable Mediadide-
Based Stationary Phases for HPL@gurnal of Chromatographg, 1028 1-30 (2004).

Abstract:The first part of the review contrasts the maiavdsacks of silica-based packings such as their
relative thermal and chemical instability with ebept stability of metal oxides. The paper concerns
mainly ZrO2, TiO2 and Al203. Methods of preparatafrspherical particles for HPLC are described.
Surface chemistry of the oxides is, however, véffeint from that of silica. Ability of the oxide® ion-
and ligand exchange is discussed from a chromagtbgraoint of view.

88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromataghy
Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC, Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss methezisd for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilab&ation of the surfaces do not form stable sufspfor
chromatography. On the other hand, the successlyier modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographjepties of polymer-modified surfaces of zirconia ar
discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

89c. H.A. Claessens and M.A. van Straten, “Reviewhe Chemical and Thermal Stability of Station@hases for
Reversed-phase Liquid Chromatographjglrnal of Chromatography,A060(1-2) 23-41 (2004).

Abstract:At present, in high-performance liquid chromatgdna(HPLC) for the majority of analyses,
reversed-phase liquid chromatography (RPLC) istparation mode of choice. Faster method
development procedures using aggressive eluenty etelvated temperature conditions, the need for



improved selectivities, efficiencies and resolutithe reduction of solvent consumption and also the
decrease of analysis times require reversed-pRiRedolumns of high chemical and thermal stability.
Until now, the majority of columns for RPLC sepdwat are manufactured from silica substrates. &ilic
has many favorable properties making this mateearly ideal as a support for RP columns. Howeter,
solubility, that increases considerably in elueriteH above +7, is a drawback preventing its widead
use over the entire pH range. In addition, alsahkemal stability of silica is limited. Recentlypwever,
substantial progress has been made in the syntfeRBLC silica-based stationary phases showing
satisfactory thermal and chemical stability undansndifferent experimental conditions. Also, new
substrates mainly based on other inorganic substlée, e.g. alumina and zirconia have been deeelo
now as a starting material for the preparation BER stationary phases of improved chemical andhiber
stability. In addition, for the same reasons, meffigrts have also been made to synthesize polynr a
also polymer-coated phases. These latter phases,padicularly those based on zirconia, but also
polymer phases show a high degree of chemicaltsrdntal stability compared to silica counterpans. |
this paper, an overview will be given of the stafd¢he-art of the thermal and chemical stabilitythod
different available stationary phases for RPLC.

105.C.V. McNeff, B. Yan, D.R. Stoll, R.A. HenryReview: Practice and Theory of High Temperatureuldq
Chromatography,Journal of Separation Scienc#), 1672-1685 (2007).

Abstract:High temperature liquid chromatography (HTLC) ¢xis a temperature region beyond ambient
(ca. 40 C) and below super critical temperaturée gromises of HTLC, such as increased analysisdspe
enhanced separation productivity, “green” LC withigowater mobile phases coupled to universal FID
detection, and fast analysis of complex samplesdoybination with fast 2-D techniques, have become a
option for routine practice. The focus of this pajseo review the key developments that have niade
application of HTLC a practical technique and ditention to new developments in 2-D techniques tha
incorporate HTLC that offer an opportunity to vgsticrease the usefulness of HPLC for the analysis
complex samples.

108. N. Wu, A. Clausen, “Fundamental and Prac#sgects of Ultrahigh Pressure Liquid Chromatogyafoin
Fast SeparationsJ. Sep Scj30, 1167-1182 (2007).

Abstract The ongoing development of HPLC has been focosedcreasing the speed and
efficiency of separations over the past decade.ativances in separation speed

have been primarily related to the developmenbdiron technology and instrumentation.
Relatively short columns packed with sub-2 Im jée8 provide highspeed

separations while maintaining or increasing resmtutUltrahigh pressure

pump systems have been developed to overcomeghephéssure drop generated

by such sub-2 Im packings. In this review, fundatakand practical aspects of

ultrahigh pressure or ultrahigh performance ligghidomatography (U-HPLC) are
discussed. Applications of fast U-HP&eparations are also presented.

115. G. Vanhoenacker, P. Sandra, “High TemperandeTemperature Programmed HPLC: Possibilities and
Limitations,” Anal Bioanal Chem390, 245 — 258 (2008).

Abstract Temperature plays an important role in high-penfance liquid chromatography (HPLC) since
both the kinetics and thermodynamics of the chrographic process are a function of temperature. To
date, the possibilities of using temperature torowp LC separations have not been fully investidate

Most researchers mainly focus on column chemisid/@gimensions, and on mobile phase composition and
pH to optimize their separation. Temperature islggexamined over a broad range and most sepasation
are performed and/or optimized in the temperategéon 20-50 °C. Moreover, currently a large nundfer
liquid chromatographs are still operated at roomgerature instead of using a column thermostat to
control column temperature and thus retention tde.have recently reviewed the use of elevated
temperature and temperature programming in HPIIC [

117. B. Wenclawiak, S. Giegold, T. Teutenberg, “MReview: High-Temperature Liquid Chromatography,”
Analytical Letters41, 1097-1105 (2008).

Abstract The influence of temperature on separation isudised. Elevated temperature can significantly
reduce the retention times in liquid chromatograghg thus the throughput and running costs of a LC
instrument. A decrease of viscosity at increasamggeratures allows the use of columns packed weiti v
small particles and of higher flow rates as welbddrn reversed phase columns are stable up to>(and



90_C. Metal oxide columns (Zirconium oxide, Titamiwlioxide, Aluminium oxide) and polymer packed
columns are temperature stable up to 200_C. Thsuooption of organic solvents can significantly be
reduced and thus also the disposal costs.

ZirChrom O-PBD

1. M.P. Rigney, T.P. Weber, P.W. Carr, "Preparatind Evaluation of a Polymer-Coated Zirconia Reseé¥
Phase Chromatographic Suppodt, Chromatogr484, 273-91 (1989).

Abstract The preparation of a reversed-phase high-perfocadiquid chromatographic support by
deposition and cross-linking of polybutadiene om shrface of microporous zirconia is describeds It
demonstrated that acidic solutes undergo very gtiraieractions with the zirconia surface even & th
presence of a thick polymer layer. These intevastican be minimized by the use of phosphate in the
mobile phase, in which case the small solute rigtertharacteristics of the polymer-coated zircara
comparable to alkylsilane-derivatized silica-basadersed-phase supports. Most importantly, the
polymer-coated zirconia was stable in alkaline Solu There was no evidence for degradation of the
support even when it was exposed to a mobile pbask! sodium hydroxide at 16G. In contrast,
polybutadiene-coated alumina was not stable urdeset conditions.

27. L. Sun and P.W. Carr, "Mixed-Mode RetentiorPeptides on Phosphate-Modified Polybutadiene-Coated
Zirconia," Anal. Chem67, 2517-23 (1995).

Abstract Zirconia HPLC packing materials were found topoéentially advantageous for large scale
protein separations due to their excellent pH tgsind mechanical stability. However, Lewis asites
on zirconia’s surface cause irreversible adsorptigoroteins due to their interactions with hardvie
bases such as the carboxyl groups in proteindioAgh the Lewis acid sites can be effectively béatky
adsorbing phosphate ions onto zirconia’s surfaggems and peptides cannot be eluted using adlypic
reversed-phase mobile phase. In this work, weddhat the separation of peptides on a phosphate-
modified polybutadiene-coated zirconia (PBD-Zy©an be brought about by using a mobile phase
containing both an organic modifier and a high eiation of sodium perchlorate. The salt is nddgde
cancel the coulombic interactions between negatigkarge stationary phase and the positively cliarge
proteins. To understand the retention mechanispraigins and peptides on phosphate-modified PBD-
ZrO,, this work was aimed at the study of the surfdwacteristics of the phosphate-modified Zr@e
found that the phosphate-modified Zr@hase has both reversed-phase and cation-exchharggeteristics
under the acidic mobile-phase conditions used fotgins and peptide separations. The PBD coating
provides hydrophobic moieties, and the phosphate émisorbed on zirconia’s surface provide cation-
exchange sites. Reversed-phase separation otid@sfandard mixture and cation-exchange separafio
a cationic peptide standard mixture on the samsygtete-modified PBD-ZrQcolumn shows excellent
column resolution in both modes. Although mixeddmatationary phases provide unique selectivity, th
secondary equilibrium on phosphate-modified PBD-Zzén cause peak broadening. Applications of the
phosphate-modified PBD-Zr@o peptide separations are demonstrated here.

30. L. Sun and P.W. Carr, "Chromatography of Pnstélsing Polybutadiene-Coated ZirconiArial. Chem67,
3717-21 (1995).

Abstract Polybutadiene-coated zirconia (PBD-ZyOvhen used as a stationary phase in conjunctitin w
a mobile phase containing phosphates, constitutegeased-phase/cation-exchange mixed-mode
chromatographic system. The separation of protinthis phase can be achieved only through thetuse
mobile phases containing the correct combinatiophaisphoric acid, displacing salt and organic cesul
We found thaexcessiveoulombic interactions between proteins and tagastary phase impair the
system performance for the separation of proteirise effects of mobile phase conditions on the
separation on proteins using phosphate-adsorbed&BRPare studied in this work. Factors such as the
presence of a multivalent cation, mobile phasepitésphate concentration, and slat concentratiolbean
manipulated to reduce the new negative charge@esutface and thereby improve the performanceeof th
system toward the separations of proteins.

35. J.W. Li and P.W. Carr, “The Retention Charasties of Polybutadiene-Coated Zirconia and Conggarito
Conventional Bonded Phasegfial. Chem.68(17) 2857-2868 (1996).



Abstract This paper presents a detailed study of retertioa reversed-phase material made by coating
polybutadiene (PBD) on porous zirconia. PBD-coaiecbnia particles with six different carbon loads
(0.25-5.6% carbon by weight) were prepared by eratpely depositing and cross-linking PBD on
microparticulate porous zirconia. Retention ddta bomologous series of alkylbenzenes were obdadme
the six PBD phases as a function of mobile phasgosition in methanol-water and acetonitrile-water
mixtures from 20 to 50% (v/v). The results obtdier the phase were compared to those for conweailti
octadecylsilane (ODS) bonded phases, and the effélae amount of PBD on retention was studied in
detail. We find that, per amount of bonded ph#sPBD phase is less retentive than is the ODSegpha
but it has comparable hydrophobic selectivity. tRermore, the PBD phase has about the same ségsitiv
toward changes in mobile phase composition as tth@e®DS phase, and its solute shape selectivity is
similar to that of a monomeric ODS phase. Finallg,conclude that retention arises primarily from a
partition-like process.

38. J. Liand P.W. Carr, "Characterization of Poiigniene-Coated Zirconia and Comparison to Cononati
Bonded Phase by Use of Linear Solvation EnergytiReiships,”Analytica Chimica Acta334, 239-250
(1996).

Abstract This paper describes the use of linear solvatiwgrgy relationships (LSERS) to
thermodynamically characterize retention on a rea@phase type material based on polybutadiene
(PBD)-coated zirconia. Retention data were obthioe a large set of judiciously selected test &swn
four PBD phases (carbon loads varying from 1.5.60% by weight) in various methanol-water mobile
phases. Based on the LSERs, the free energyenftimt was dissected into contributions from cavity
formation/dispersive interactions, dipolar inteias, and hydrogen bond (HB) donor-acceptor
interactions. The PBD-zirconia phases were contpreonventional silica-based bonded reversed
phases. As is the case with conventional bondedq#) the solute’s size and HB acceptor basicityer
predominant retention determining factors, andnenwhole, PBD-zirconia phases closely resemble
conventional chemically bonded reversed phase matgernterestingly, the solute’s basicity hasuagér
effect on its retention on the PBD-zirconia phdsmnton conventional bonded phases, so relativeeio t
behavior on conventional phases, strong hydrogeasand highly dipolar analytes, when compared to
nonpolar solutes, are less strongly retained on-2iinia than on conventional phases. PBD-zir@oni
and conventional phases are so similar that tHereld be little difficulty in transferring separaii
methods between phases.

40. D.H. Reeder, J.W. Li, P.W. Carr, M.C. Flickinged A.V. McCormick, “Models for Polybutadiene Bdiall
Coatings in Porous ZirconiaJ. Chromatogr.760(1) 71-79 (1997).

Abstract We present three models of the changes in medhgane size distribution for cylindrical pores
when a polymer is deposited in the pores by evdjporérom a volatile solvent. The predicted result
serve as an aid in interpreting experimental n#rogdsorption data for polybutadiene (PBD) coating
porous zirconia. At low loadings, PBD appearsépasit in thin layers on the surface with no prefiee
for filling either large or small pores. At higheBD loadings, the polymer deposits preferentielly
smaller pores. This is in qualitative agreemenhWwBD coatings on porous silica.

41. J.W. Li and P.W. Carr, “Effect of Temperaturetbe Thermodynamic Properties, Kinetic Performaacel
Stability of Polybutadiene-Coated Zirconi#@hal. Chem.69(5), 837-843 (1997).

Abstract This article describes the results of a studghefeffect of temperature on the performance of a
reversed-phase material prepared by coating pagene (PBD) on porous zirconia. We examined the
effect of temperature on retention, efficiency, atability of this phase. The thermodynamic preipser
were evaluated via the separation of alkylbenzanesa set a tricyclic antidepressant drug at differ
temperatures, while the intrinsic kinetic performarmf the PBD phase at elevated temperatures was
examined by using alkylbenzenes as probe soliMeseover, the thermal stability was determined by
measuring the drift ik’ while continuously pumping a mobile phase at"f0 We found that enthalpy
changes were between -2 and -4 kcal/mol and tteatges in selectivity varied with the type of solute
High temperatures improved the column efficiency88%6, mainly by accelerating tiselute diffusion rate
in the stationary phase. Finally, the PBD-coatecbnia phase was very stable at a temperatur@®fCl
for at least 7000 column volumes.

42. J.W. Liand P.W. Carr, “A Study of the Efficignof Polybutadiene-Coated Zirconia as a Reverdeas®
Chromatographic Support&nal. Chem.69(11) 2193-2201 (1997).



Abstract The work describes the dynamic characteristiasobimns packed with polybutadiene (PBD)-
coated zirconia. Reduced plate heidhtys. reduced velocity] data for alkylbenzenes were acquired for
three phases coated with different amount of PBOditional data for benzen#&’ (= 0) on uncoated and
four coated phases were also collected. Their t ptots have a minimum between 4 and 5, indicated
good but not excellent column efficiency. By fitjithe Know equation to these data, the A (packing
quality), B (axial diffusion), and ¢ (mass transfesistance) coefficients were determined. The A
coefficients were about 3 in all cases, and the&fients had values between 2 and 3. The C
coefficients varied form 0.05 to 0., depending lo@ polymer load. The data suggest that the quaflity
packing and the efficiency of mass transfer resi#an the “film” of the polymeric stationary phaset

the stagnant mobile phase, are key to further irgr®nts in column performance. The amount of

polymer loaded significantly affects the efficiertbyough the mass transfer resistance in the statjo
phase.

43. J.W. Liand P.W. Carr, “Evaluation of Temperatkffects on Selectivity in RPLC Separations Using
Polybutadiene-Coated Zirconiadhal. Chem.69(11) 2202-2206 (1997).

Abstract The effect of temperature on selectivity on RAh€&thod development has been evaluated on
polybutadiene-coated zirconia. We find that tHeuance of temperature on selectivity depends gison
on solute type. For solutes of similar structuretsas polyaromatic hydrocarbons, temperature Inassa
no effect on selectivity; however, for solutes witlry different functional groups such as chlorapiis,
temperature changes did significantly affect saldgt We feel that simple mixtures with one dominant
retention mechanism e.g., solvophobic retentionl-nat be helped appreciably by adjusting temperat
However, in complex mixtures with polar and ionieadplutes, optimization by varying the temperature
may well be fruitful.

44. J.W. Li, Y. Hu, and P.W. Carr, “Fast SeparatiahElevated Temperatures on Polybutadiene-C&atednia
Reversed-Phase Materiakhal. Chem69, 3884-8 (1997).

Abstract lon-exchange chromatography is a major method fmelarge-scale protein separations. New
zirconia-based polymeric cation-exchange HPLC atatiy phases have been developed for protein
synthesis. In one method, polyethyleneimine (PE$ adsorbed onto porous zirconia particles andg€ros
linked with 1,4-butanediol diglycidyl ether (BUDGE}Buccinic anhydride was then reacted with the
remaining primary and secondary amine groups ont®&fford anionic functionalities. The second
method utilizes poly(acrylic acid) anhydride astbtite cross-linker and the stationary phase. The
resulting stationary phases act to separate psolgira weak cation-exchange mechanism with a slight
contribution to retention from hydrophobic intetiaos. In the presence of 20 mM phosphate buffewik
acid/base interactions between the zirconia sugpuattthe proteins, which can significantly broatien
peaks, are sufficiently suppressed. The effecigro€ strength, mobile phase pH, and salt type are
discussed. Proteins mass recovery and loadingitgfar protein separations on these phases have n
limitation on the type of salt used as the eluant] they exhibit unique selectivities. Therefahey offer
interesting alternatives for protein separations.our knowledge, this work represents the firscegsful
examples of protein separations using porous ziaebased polymeric phases under normal
chromatographic conditions, which will definitelglp make zirconia-based supports more useful for
bioseparations.

48. J.W. Li, D.H. Reeder, A.V. McCormick, and P.@arr, “Factors Influencing Polybutadiene Depositidthin
Porous Chromatographic Zirconia,” Chromatogr. A91,45-52 (1998).

Abstract We have studied the effect of the conditionstlfi@r deposition of polymers in the preparation of
polybutadiene-coated porous zirconia particlesdoersed-phase chromatography. Chromatographic
performance improves when the particle surfacedscpated with elemental carbon by a chemical vapor
deposition (CVD) process. Conversely, performaaaggnificantly degraded when the solvent is reatbv
very slowly during the deposition process. No inyenment results when the particles are coated using
small sequential load of polymer. We hypothedie the polymer deposition process is controlledhey
rate at which the solvent meniscus recedes duahvgist evaporation, by the affinity of the polynfer the
zirconia surface, and by polymer-solvent and polypwymer interactions.

50. J. Zhao and P.W. Carr, “Comparison of the R&terCharacteristics of Aromatic and Aliphatic Resexl
Phases for HPLC Using Linear Solvation Energy Ratahips,”Anal. Chem70,3619-28 (1998).



Abstract The similarities and differences in retentionrelwderistics of aromatic and aliphatic phases have
been elucidated by the use of linear solvationgnezlationships (LSERs). Three aromatic phasds an
three aliphatic phases were investigated in asefienobile phases. The results of LSERs on arpeity
based aromatic phase, poly(styrene-divinylbenzessdh (PRP-1) are very different from those onegith
silica- or zirconia-based aromatic and aliphatiag#s. Retention on all aromatic and aliphatic @has
except PRP-1 is markedly influenced by the solytirdgen bond donor acidity. We believe that PRP-1
exhibits a more adsorption-like retention mechartisam do the other phases. With the inorganicesxid
based phases, the aromatic phases are less retthatvthe aliphatic phases but show a large depeed

on molecular polarizability. The enhanced polarility of aromatic phases is the likely cause afgo
differences in their chromatographic selectivithatiwe to the aliphatic phases.

56a. N. Wu, Q. Tang, Y. Shen, M.L. Lee, "Polybutadi-Coated Zirconia Packing Materials in Solvatias
Chromatography Using Carbon Dioxide as Mobile PAiaSkromatographia49(7-8) 431-435 (1999).

Abstract In this paper, practical considerations of colusfficiency, separation speed, thermal stability,
and column polarity of capillary columns packedhapblybutadiene-coated zirconia were investigated
under solvating gas chromatography (SGC) conditiesiisg carbon dioxide as mobile phase. When
compared with results obtained from conventionabps octadecyl bonded silica (ODS) particles, PBD-
zirconia particles produced greater change in regftilase linear velocity with pressure than conoeat
ODS patrticles under the same conditions. The maximplate number per second,(Nbtained with a 30

cm PBD-zirconia column was approximately 1.5 tirhigger than that obtained with an ODS column at
100 °C. Therefore, the PBD-zirconia phase is maiile for fast separations than conventional ODS
particles in SGC. Maximum plate numbers per met&6¢900 and 63,300 were obtained using a 57 cm x
250mm i.d. fused silica capillary column packed wittm3 PBD-zirconia at 50 °C and 100 °C,
respectively. The PBD-zirconia phase was stableraperatures up to 320 °C under SGC conditionggusin
carbon dioxide as mobile phase. Polarizable arancatnpounds and low molecular weight ketones and
aldehydes were eluted with symmetrical peaks frdih am column packed withr@m PBD-zirconia.
Zirconia phases with greater inertness are reqtinethe analysis of more polar compounds by SGC.

56b. Q. Tang, Y. Shen, N. Wu, M.L. Lee, "In Sitw&slinked Polybutadiene-Encapsulated Zirconialdsmolithic
Column for Fast Solvating Gas Chromatograply Microcolumn Separationd1(6) 415-420 (1999).

Abstract A new monolithic column type was developed bysstimking polymer-encapsulated packing
materials in polymer-coated fused silica open tabablumns in situ using a free radical reactior258cm

x 250mm i.d. PSB-Octyl fused silica capillary column aadtvith a 0.25vm film of
polyoctylmethylsiloxane was packed with 3% polyldiéme-encapsulated zirconia packing materials (2.5
mm, 250 A, 30 rfig). The packing material was immobilized usingyaamic crosslinking reaction at
260°C with azaert-butane as a free radical initiator. A scanningteta® micrograph of the crosslinked
packing in the column showed that the particlesevieterconnected to each other and attached to the
capillary wall, forming a monolith. This monolithemlumn was found to be stable in carbon dioxide
mobile phase at 200 atm column inlet pressure Q@ The column efficiency, solute retention, and
permeability of the monolithic column were simitarthose measured for columns freshly packed, dut n
crosslinked, with the same material under the seoneitions. The potential use of these monolithic
columns for fast solvating gas chromatography vweaeahstrated by the rapid separation of a mixture of
hydrocarbons.

58. Y. Mao and P.W. Carr, “Adjusting Selectivityliquid Chromatography by Use of the Thermally Tdine
Tandem Column Concept&nal. Chem72, 110-118 (2000).

Abstract In this study, we propose the novel “thermallyed tandem column {T)” concept for the
optimization of selectivity in LC by continuous adfment of the stationary phase. Two columns with
distinctly different chromatographic selectiviti@sg., polybutadiene- and carbon-coated zirconia) a
serially coupled anthdependentlyemperature-controlled. Selectivity is “tuned” &gjusting the
individual temperatures of the two columns. Theetfof changing column temperature is quite analsg
to changing the relative column lengths, therelrizg the relative and absolute contribution eamiimn
makes to the overall retention time iFCT The distinct selectivity differences betweetypatadiene- and
carbon-coated zirconia as well as the extraorditfagymal stability of zirconia-based phases (thdésma
stable to 200° C) allow us to tune the overall aratographic selectivity over a very substantiabganWe
have developed a simplified useful model, whichrabterizes retention and selectivity for tii€Bystem
as a function of the two column temperatures. mbeel is in good agreement with the experimental




results. We also describe a simple computer-askgttimization strategy based on the window diagra
method, which facilitates the optimization of th&Tsystem with only four or five initial runs.

60. B. Yan, J. Zhao, J.S. Brown, J. Blackwell ani/PCarr, “High-Temperature Ultrafast Liquid
Chromatography,Anal. Chem72, 1253-1262 (2000).

Abstract A novel liquid chromatographic system which emastthigh temperature ultrafast liquid
chromatography (HTU-FLC) has been designed thrdhgltareful consideration of heat transfer, band
broadening, and pressure drop. Studies of thetedfdinear velocity on the HETP show that column
efficiency at high velocity, especially of well-a#hed solutes, dramatically improves at higher
temperatures. At 150°C, at a flow rate of 15 mL/mith a 5 cm by 4.6mm (i.d.) column packed with 3
micron polystyrene-coated zirconia porous partjdi@sg chain alkylphenones were completely resqlved
and the analysis time could be decreased by arfat&D compared to that at room temperature (2%t@)
conventional flow rate (4 mL/min). In addition,img pure water as the mobile phase, five phenotge we
separated in less than 30 s.

61. Y. Mao and P.W. Carr, “Application of the Thelg Tuned Tandem Column Concept to the Separation
Several Families of Environmental Toxicant&rial. Chem 72, 2788-2796 (2000).

Abstract Separations of several families of environmetazicants were optimized by means of the
thermally tuned tandem column®@) concept. We use a tandem combination of ardectdsilane (ODS)
and a carbon-coated zirconia (C-Zy@olumn; and tune the selectivity by independeatjusting the
isothermal temperatures of the two columns. Téssilts in the change in the contribution that each
column makes to the overall retention and seldgtivi he separation was optimized by locating the
optimum pair of column temperatures which giveltbhst separation of the critical solute pair. Fathb
triazine herbicides and carbamate pesticides saniiamatically different selectivities and diffete
critical pairs were observed for the two types ldiges. Although neither individual phase gave aaleq
separation, the*C approach provided baseline separations usingfonlypreliminary trial separations.
We also showed that, for the triazine samplesTf@approach gave a better separation than did
conventional mobile phase optimization with an Of@&imn. The combination of superior selectivity of
T3C and high flow rate allows the baseline separatfocomplex mixtures in just a few minutes.

65. C. McNeff, L. Zigan, K. Johnson, P.W. Carr,\Wang, A.M. Weber-Main, “Analytical Advantages oighly
Stable Stationary Phases for Reversed-Phasel@3C 18(5), 514-529 (2000).

Abstract During the past five years, many manufacturersighi performance liquid chromatography
(HPLC) columns have focused on improving statiofamgse stability and reproducibility. Improved
column stability — both chemical and thermal — ffeew advantages, such as decreased analysianiine
new methods of selectivity optimization. More $#aHPLC packing materials have been achieved throug
advances in silane chemistry; however, the greatesbvements in stability have resulted from tise of
alternative nonsilica supports such as synthegiamic polymers, alumina, and zirconia. In thisctet the
authors describe their use of various test solatesmpare the efficiency, selectivity, and hydroipic
retention mechanisms of five commercially availabeL.C columns based on silica, alumina, zirconia,
and polystyrene cross-linked with divinlybenzeng&+PVB).

67. Y. Mao and P.W. Carr, “Separation of Barbitasaand Phenylthiohydantoin Amino Acids Using theffimally
Tuned Tandem Column Concepfhal. Chem 73, 1821-1830 (2001).

Abstract There are many more choices of column type tiaatuent type for method development in
reversed-phase liquid chromatography. It is comtomswitch between different column types or betwee
the same type from different suppliers to achiéwedesired separations. The key difficulty in matan
band spacing by adjusting the column type is thigta discontinuous, “hit or miss” propositionhé
thermally tuned tandem column®@) concept effectively solves this problem by cartimg two columns

in series and independently controlling the twaiowh temperatures. The columns are chosen to have
distinctively different chromatographic selectigdi(band spacing), so that the unresolved peaks®n
column are separated by the other. The optimiepdrstion in the 3C is achieved by simultaneously
tuning the two column temperatures. In this study,used the ¥ combination of a carbon and a
conventional bonded phase for separation of badig#ga and phenylthiohydantoin amino acids (PTH-
amino acids). Good peak shapes and comparablgiogt¢imes were observed on the two phases at room
temperature. The selectivities on the two phasae \guite different. Baseline separations werédyeas
achieved with the *C set although neither column could individuallgatye all the peaks. We further



compared the separation of barbiturates optimizetth® T°C approach with that optimized by adjusting
the mobile phase. We found thalCTgave a better separation. We believe that fflecbmbination of a
carbon phase and a bonded conventional reversest phaterial provides a powerful and general method
to optimize the separation of various mixtures.

68. Brain C. Trammell, Marc A. Hillmyer, Peter Wal€, “A Study of the Lewis Acid-Base Interactiorfs o
Vinylphosphonic Acid-Modified Polybutadiene-Coatédconia,” Anal. Chem 73, 14, 3323-3331 (2001).

Abstract Polybutadiene-coated zirconia (PBD-Zf@ very useful for reversed-phase separation uade
wide variety of conditions. Its excellent chemi@aiH = 1-13) and thermal (up to 150°C) stability
distinguish it from silica-based reversed phaskst as with silica-based phases, zirconia’s serfac
chemistry significantly influences the chromatodmapf certain classes of analytes. Zirconlzsd

Lewis acid sites can be chromatographically probkiem Analytes such as carboxylic acids strongly
interact with these sites on PBD-Zrénd do not elute. Addition of phosphate or o#itesng, hard Lewis
bases to the eluent brings about elution, butébalting peak is often tailed and broad. TypicaiBtionic
solutes are more retained in the presence of phosph fluoride due to adsorption of the Lewis base
additives and the concomitant development of atigaharge on the surface. This Coulombic
interaction can be used to optimize selectivity, the reversed-phase-cation-exchange retention can
produce broad peaks with excessive retention. nfatarnative to adding Lewis bases to the eluset,
studied the effect of permanently modifying PBD-Zb® covalently attaching vinylphosphonic acid
(VPA) to PBD which was predeposited in the poregiafonia. We have investigated the chromatography
of acids, bases, and small peptides on VPA-modRB®-Zr0, (VPA-PBD-Zr(Q,) and compared it to
PBD-ZrO,. VPA-PBD-ZrQ is a reversed-cation-exchange phase with propegti¢e different fromPBD-
ZrO,. The chemical stability of both phases led usxplore how low-pH (1.5-3), ultralow ph (0), and
high-pH (12) eluents effect the retention propsrtéthese mixed-mode phases. Ultralow-pH eluents
effectively separate small peptides on both pha%$éss approach gives lower retention, without
sacrificing resolution, and much higher efficierfoy small peptides than previously reported.

71. Christopher J. Dunlap, Peter W. Carr, Claytom¢Neff, Dwight Stoll, “Zirconia Stationary Phaskes
Extreme Separations&nal. Chem.598A-607A (2001).

Abstract Composite materials surpass standard silicorcartbn for stability and robustness in
complicated reversed-phase column applications.

71a. Yun Mao and Peter W. Carr, "Separation of@eteBasic Pharmaceuticals by Reversed-Phase and lo
Exchange Chromatography Using Thermally Tuned €an@olumns,’Anal. Chemistry73(18);
4478-4485 (2001).

Abstract The separation of basic pharmaceuticals is iyspatformed on C8 or C18 bonded silica
supports. Silanolphilic interactions between basialytes and surface silanol groups often leadiked
peaks, poor efficiency, and irreproducible retemtimes. To solve these problems, many new types o
silica-, zirconia-, and polymer based columns, Whicovide unique selectivities, improved stabifityhigh
pH, or both, have been developed for the analydimsic compounds. The essence of method
development for the chromatographic analysis ofchasmpounds is to choose a system in which the ban
spacing can be varied dramatically, quickly, andvemiently while minimizing the tailing due to
silanolphilic interactions. The thermally tuneddam column (T3C) approach has been shown to pgovid
an effective way to adjust stationary-phase seliggtior nonionic compounds. In this study, a tand
combination of an octadecylsilane (ODS) and a paiytiiene-coated zirconia (PBD-ZrO2) phase was used
to separate nine antihistamines. Selectivity ietlby independently adjusting the isothermal teatpees
of the two columns. We found dramatic differenicethe retention factors, elution sequences, amd ba
spacing for the above set of basic drugs on thetypes of columns. The T3C model has been used
successfully to locate the optimal temperaturesdbas only four exploratory runs. The nine
antihistamines were baseline separated on therraodkimn combination even though they could not be
separated on the individual phases. The effetttebuffer concentration on retention of the basic
antihistamines was also studied. We concludettigatation-exchange interactions predominate on the
PBD-ZrO2 phase, while reversed phase interactiomsnare important on the ODS phase. Interestingly,
an increase in column temperature causes a signifincrease in the retention on the ODS columnaand
decrease of retention on the PBD-ZrO2 column. Thisbe explained by the change in the analyte’s
degree of ionization with temperature. The T3C bimation of silica- and zirconia-based RPLC columns
is demonstrated to be a powerful approach for épasation of the mixture of basic analytes.



71b. Steven M. Fields, Christine Q. Ye, Dee Deengh®. Russell Branch, X. Jason Zhang, Ngozi Okafo,
"Superheated Water as Eluent in High-temperatughtgerformance Liquid Chromatographic Separatidns o
Steroids on a Polymer-coated Zirconia Colundmtirnal of Chromatography,®13, 197 - 204 (2001).

Abstract High-temperature liquid chromatography (HTLC)twsuperheated water mobile phase, has
been shown to be a feasible replacement for megiolarity acetonitrile-water mixtures as an eluent i
reversed-phase HPLC. Instrumental parameter@wfifate, injection volume and mobile phase
preheating were shown to have significant effectshe quality of the chromatographic peaks. The
selectivity and retention patterns of testosterame several related compounds were investigated on
porous zirconia, polybutadiene-coated column aptatures up to 200°C and compared with that of
porous silica, octadecylsilane-coated column ardztfconia column under traditional reversed-phase
conditions of an acetonitrile-water mobile phaséGi#C. The selectivity differences observed for
testosterone and related compounds show that gfagat@®n mechanisms are complementary and unique
selectivity is obtained with the zirconia columrden HTLC conditions.

71c. N. Wu, Q. Tang, J.A. Lippert, M.L. Lee, "Padkeapillary Column Solvating Gas Chromatographyngsi
Neat Water Mobile Phase and Flame lonization DietegtJ. Microcolumn Separations3(2), 41-47 (2001).

Abstract Neat water at temperatures above its normalrmpitioint was used as a mobile phase for packed
capillary column chromatography. The "universadihfle ionization detector (FID) was used for detectio
No restrictor or back pressure was imposed atdhenn outlet. The effects of temperature on column
efficiency and retention were investigated usindipl@-bonded continuous bed columns packed and
crosslinked with 3im polybutadiene-encapsulated zirconia particlesalt found that when the column
inlet pressure was held constant and the temperatas increased to values that were higher thafCL00
the pressure drop decreased rapidly, allowing ffeeafi long columns or small particles. Solute rieoen
factors decreased with increasing temperature; hemeolumn inlet pressure had little effect orengion
factor. Mass transfer resistance also decreasédawitncrease in temperature. Mixtures of alcohat$
phenols could be separated within several mintftes the interface between the column and the F&3 w
optimized.

72. Jonathan D. Thompson and Peter W. Carr, “Aystddhe Critical Criteria for Analyte Stability iHigh-
Temperature Liquid Chromatographyhal. Chem 74, 1017-1023 (2002).

Abstract There are three major impediments to the useéghi-temperature ultrafast liquid
chromatography. First, the stationary phase meishérmally stable. Over the past decade, a sefries
thermally stable, highly efficient stationary phai$mve been developed that can withstand tempesatur
exceeding 200°C. Second, the temperature misrbatefeen the incoming eluent and the column must be
minimized (<5°C), because such a mismatch is a senpus cause of peak broadening, especially in
ultrafast separations. The thermal mismatch proldan be significantly ameliorated at high coluimear
velocities by using narrow-bore columns (2.1-mm)i.drhird, analytes that are exposed to high
temperatures must be thermally stadnbethe time scale of the chromatographic.rife report here a
study of the ability of several pharmaceuticalsvtthstand super ambient temperatures on the tirale s¢
fast separations. We propose criteria by whichréiqular analyte may be rejected as a candidatbidi-
temperature analysis, and we demonstrate that esnmpblecules are amenable to quantitation, even at
temperatures in excess of 100°C in an aqueous médiaalso show that as the time an analyte spemds
a hot column decreases, the extent of on-colunutiozes decreases for those analytes that do react.
Although the seminal work of Antia and Horvath aakires these issues from a theoretical perspestive,
hope to further alleviate fear of high temperatundgquid chromatography through the empirical aggzh
used here.

74. Y. Hu, X. Yang and P.W. Carr, “Mixed-mode Resgxt-phase and lon-exchange Separations of Cationic
Analytes on Polybutadiene-coated Zirconidgurnal of Chromatograph#, 968 17-29 (2002).

Abstract:The retention and selectivity of the chromatogragleparation of basic (cationic) analytes on a
polybutadiene-coated zirconia (PBD-ZrQ2) statiornmgse have been studied in greater detail than in
previous studies. These separations are stronfijilieiced by the chemistry of the accessible surfdice
zirconia. In the presence of buffers which contand Lewis bases (e.g., phosphate, fluoride, catlmox
acids) zirconia's surface becomes negatively cldadge to adsorption of the buffer anion at the hard
Lewis acid sites. Consequently, under most conliti@.g., neutral pH), cationic analytes undergh bo
hydrophobic and cation-exchange interactions. Trhied-mode retention process generally leads to
greater retention factors for cations relativehose on silica-based reversed phases despitevtiee Io



surface areas of the zirconia phase, but, moreritapity, adsorption of hard Lewis bases can be tsed
control the chromatographic selectivity for catmanalytes on these zirconia-based stationary phase
contrast to our prior work, here we show that wiréxed-mode retention takes place, both retentia@h an
selectivity are easily adjusted by changing thetgphard Lewis base buffer anion, the type of &uff
counter-ion (e.g., sodium, potassium, ammoniung ptH, and the ionic strength of the eluent as a=l|
the type and amount of organic modifier.

76. Y. Hu and P.W. Carr, “The Special Effect ofétide on the Chromatography of Acidic Analytes on
Polybutadiene-Coated ZirconiaChromatographia56(7-8) 439-444 (2002).

Abstract: The special effect of fluoride as a Lewis baseitaddin suppressing the ligand-exchange
interactions for acidic analytes on polybutadienated zirconia (PBD-ZrO2) has been investigatece W
found that fluoride is more effective than phosphatimproving the separation efficiency for straagds.
The improvement is attributed to that fluoride hammaller size and a more flexible coordinatiomaisey
towards zirconium centers than phosphate; consélguéinoride can more effectively improve the kiios
of the ligand-exchange processes for strongly aecidalytes. We demonstrated that using a smaluatmo
of fluoride in combination with a larger quantitfyghosphate is a practical way to improve the sajpar
efficiency and resolution for acidic analytes. ®osxample separations are presented.

77. R.A. Henry, “Highly Selective Zirconia-basedaBhs for HPLC ApplicationsAmerican Laboratory34(22),
18-25 (2002).

Abstract:Zirconia-based phases (Z-phases) for HPLC have &e&ilable for almost a decade, and are
finding a wide range of applicability because tlaey very complementary to silica-based phases (S-
phases) and often replace total-polymer phase$i@Bes), particularly in reversed-phase (RP) apjits.

77a. T.S. Kephart, P.K. Dasgupta, “Superheated M&tent Capillary Liquid ChromatographyTalantg 56, 977-
987 (2002).

Abstract:A capillary scale reverse phase liquid chromatplyya(LC) system using a super hot water eluent
is described. The system, constructed in-house feadily available components, has been shown to
operate at temperatures as high as 370 °C andupessa excess of 10,000 psi. The capability of the
system is demonstrated with the separation of aum@of polar and non-polar benzene derivatives on
polybutadiene and elemental carbon modified zirmqaickings with or without temperature gradients. S
benzene derivatives can be separated in ~ 2 min.

78. Y. Xiang, B. Yan, B. Yue, C.V. McNeff, P.W. CaM.L. Lee, “Elevated-temperature Ultrahigh-pragsu
Liquid Chromatography Using Very Small Polybutadieroated Nonporous Zirconia Particle3gurnal of
ChromatographyA, 983 83-89 (2003).

Abstract:Capillary columns packed with small diameter jées typically lead to low permeability and
long separation times in high-performance liquidochatography. Ultrahigh pressures (>10000 p.s.i.; 1
p.s.i. =6894.76 Pa) can be used to overcome thttions that small particles impose. Ultrahighgaare
liquid chromatography (UHPLC) has demonstratedtgpegential for high-speed and high-efficiency
separations. Decreasing the viscosity of the mqifikese by elevating the temperature could additipna
reduce the pressure drop and facilitate the usenger columns or smaller particles to achieve evigher
total plate numbers. For this reason, we investijtite use of elevated temperatures in UHPLC. Water
resistant, flexible heater tape covered with insofawas used to provide the desired heat to themo
Polybutadiene-coated 1 um nonporous zirconia pestiwere used because of their chemical stability a
elevated temperature. A column efficiency as higd 20,000 plates m-1 was obtained. The effects of
temperature and pressure on the separation of grasabere investigated. Separation of five herbgidas
completed in 60 s using 26,000 p.s.i. and 90 °C.

78a.E. Van Gyseghem, S. Van Hemelryck, M. Daszgkpw-. Questier, D.L. Massart, Y. Vander Heyden,
"Determining Orthogonal Chromatographic Systemera the Development of Methods to Characterise
Impurities in Drug Substanceslburnal of Chromatography,®88(1) 77-93 (2003).

Abstract:To define starting conditions for the developmatnethods to separate impurities from the
active substance and from each other in drugsavitinknown impurity profile, the parallel applicatiof
generic orthogonal chromatographic systems coulaskeéul. The possibilities to define orthogonal
chromatographic systems were examined by calcualatidhe correlation coefficients between retention



factors k for a set of 68 drugs on 11 systems,isyal evaluation of the selectivity differences,usyng
principal component analysis, by drawing color mapd evaluating dendrograms. A zirconia-based
stationary phase coated with a polybutadiene (RBiyYmer and three silica-based phases (base-
deactivated, polar-embedded and monolithic) weeel uBesides the stationary phase, the influenpdof
and of organic modifier, on the selectivity of a®m were evaluated. The dendrograms of hierarchica
clusters were found good aids to assess orthoggdlchromatographic systems. The PBD-zirconia
phase/methanol/pH 2.5 system is found most orthaligomwards several silica-based systems, e.g.e bas
deactivated C16-amide silica/methanol/pH 2.5 syst#me orthogonality was validated using cross-
validation, and two other validation sets, i.eetdaf non-ionizable solutes and a mixture of a dand its
impurities.

80. Y. Mao and P.W. Carr, “The Thermally Tuned TemdColumn Approach to Optimizing Selectivity in HPE

LCGC North America21(2), 150-167 (2003).

Abstract:The authors describe the thermally tuned tanddomaooconcept for the optimization of
selectivity in liquid chromatography by effectivadgntinuously adjusting the stationary phase. They
serially connected two columns with distinctly éifént chromatographic selectivities (band spaciagsd)
used independent temperature control for the cafurihey tuned the overall selectivity of the tandem
column set by individually adjusting the two colutemperatures. The authors compare thermally tuned
tandem column separations with some single-coluptimization strategies, including the variation of
temperature, eluent type, eluent composition, amdlsaneously varying the temperature and eluent
composition.

81. X.Yang, J. Dai, P.W. Carr, “Analysis and @ti Comparison of the Reversed-phase and lon-egehan
contributions to Retention on Polybutadiene Coaiedonia and Octadecyl Silane Bonded Silica Phases,
Journal of Chromatograph#, 996 13-31 (2003).

Abstract:The two major modes of retention of basic compatindeversed-phase liquid chromatography
on both octadecyl silane bonded silica-based (Cib8)polybutadiene coated zirconia (PBD-ZrO2)
materials are hydrophobic and ion-exchange (Couighitteractions. Although the influence of revetse
phase and Coulombic interactions on the chromapbgraf organic cations is qualitatively well
recognized, the quantitative relationship betwegirdphobic and ion-exchange interactions remains
unclear. In this work, the retention mechanism$aoth of the above types of phases were probed by
studying the retention of a homologous serieg-alkylbenzylamines as a function of the ammonium
concentration in the eluent. The various columstetéwere studied in terms of plots of retentiaidavs.
the inverse of the displacing cation concentratidre analysis of such plots as well as plots ofdogs.
number of methylene groups in the solutes and piolsg k' vs. log[NH4+] clearly shows that at least two
types of sites - a pure reversed-phase site ahgdrdphobically-assisted ion-exchange site” simitathe
type of site described by Neue [J. Chromatogr. B @001) 49] are needed to explain the observations
addition, we have found a quantitative measur&efélative amount of reversed-phase and ion-exgghan
interaction on a given solute has on a given statip phase which allows unambiguous classificabion
columns. It is now clear that ion-exchange contidns to retention on PBD-ZrO2, sometimes exceeding
90%, are even more important than previously thbagl relative to hydrophobic interaction much more
significant on PBD-ZrO2 than on ODS type-B silicas.

82. Y. Xiang, B. Yan, B. Yue, C.V. McNeff, P.W. CaM.L. Lee, “Synthesis of Micron Diameter Polybdi@ne-
encapsulated Non-porous Zirconia Particles fordbiigh Pressure Liquid Chromatographygurnal of
ChromatographyA, 1002 71-78 (2003).

Abstract:In this study, Ism diameter polybutadiene-encapsulated non-poraasria particles were
synthesized, slurry packed into && 1.D. fused-silica capillary columns, and evaldatsing ultrahigh
pressure liquid chromatography. The dependencieslamn efficiency and solute retention factor on
pressure were investigated. Efficiencies as high88s000 plates per meter were obtained for the
separation of anti-inflammatory drugs at a pressfiE351 MPa. Comparing the reversed-phase behavior
of the polybutadiene-encapsulated non-porous ziaceith octadecylsilane bonded non-porous silica,
greater selectivity was found using the zirconiaduhmaterial for the applications reported in gtigly.

The encapsulated non-porous zirconia particles dstrated excellent thermal stability in the sepanadf
polycyclic aromatic hydrocarbons at a temperatdre0@ °C and a pressure of 1351 MPa.

82a.J. Dai, X. Yang, P.W. Carr, "Comparison of @r@omatography of Octadecy! Silane Bonded Silivd a
Polybutadiene-Coated Zirconia Phases Based onexrdai\Set of Cationic DrugsJournal of Chromatography
A, 1005(1-2) 63-82 (2003).



Abstract:In this study, we compare the separation of baigs on several octadecyl silane bonded silica
(ODS) phases and a polybutadiene-coated zirco®{ZrO2) phase. The retention characteristics were
investigated in detail using a variety of catiodiags as probe solutes. The ODS phases were sktecte
cover a relatively wide range in silanol activitydawere studied with ammonium phosphate eluernsiat
3.0 and 6.0. Compared to any of the ODS phase&Biie-ZrO2 phase showed very significant differences
in selectivities towards these drugs. Due to tlesg@nce of both reversed-phase and ion-exchange
interactions between the stationary phase andabie lnalyte on ODS and PBD-ZrO2, mixed-mode
retention takes place to some extent on both tgpphases. However, very large differences in dtative
contributions from ion-exchange and reversed-ph@seactions on the two types of phases led tcequit
different selectivities. When phosphate is pregetite eluent and adsorbs on the surface, the PBD2Z
phase takes on a high negative charge over a ddamge due to phosphate adsorption on its surface.
ODS phases, ion-exchange interactions result frenirteractions between protonated basic compounds
and ionized residual silanol groups. Since the pthe eluent influences the charge state of ttaell
groups, the ion-exchange interactions vary in gfitedepending on pH. At pH 6.0, the ion-exchange
interactions are strong. However, at pH 3.0 theerchange interactions on ODS are significantlylena
because the silanol groups are less dissociatie &dwer pH. Thus, not only are the selectivioéshe

ODS and PBD-ZrO2 phases different but quite diffeteends in retention are observed on these tpesty
of phases as the pH of the eluent is varied. Mogortantly, by using the large set of "real" basialytes
we show the extreme complexity of the chromatogi@ptocesses on the reversed stationary phases. Bot
the test condition and solute property influenadblumn performance. Therefore, use of only onsvor
probe solutes is not sufficient for column ranking.

83. R.P. Hunter, D.E. Koch, A. Mutlow, R. Isazkxtraction and Quantitation of Carfentanil and Katbne in
Goat Plasma with Liquid Chromatography-Mass Spew#toy,” Journal of Chromatography,593 351-355
(2003).

Abstract:This method is the first analytical method for tretection and quantitation of carfentanil and
naltrexone at clinically relevant concentrationsigdiquid chromatography-mass spectrometry. Sample
were alkalinized with 100 pl of 1 M NaOH and extext2x with 2 mL of toluene. The extractions were
combined and dried under N2 at 40°C in a H20 haltihomatography was performed using a ZirChrom-
PBD column and a mobile phase of 30:70 acetorfitblenM ammonium acetate and 0.1 mM citrate (pH=
4.4) at a flow rate of 0.3 ml/min. The lower linoit quantitation was 8.5 pg/ml for carfentanil ahédl

ng/ml for naltrexone.

84. T. Andersen, Quynh-Nhu T. Nguyen, R. Trone$eibrokk, “Mesoporous Polybutadiene-Modified Hinta
for High-Temperature Packed Capillary Liquid Chraoggiaphy: Column Preparation and Temperature
Programming Stability, Journal of Chromatograph#, 1018 7-18 (2003).

Abstract:In the present study, three different methodg#mking of 3 pm PBD-ZrO2 particles in 0.5 mm
i.d. glass-lined stainless steel columns have lb&amined. The two first methods were based on a
traditional downstream high-pressure techniquegutrachloromethane (Method I) or aqueous Triten X
100 (Method II) as slurry solvents, while Methotiilas an upstream high-pressure flocculating method
with stirring, using isopropanol both as the sluand packing solvent. Method | was found to be sope

in terms of efficiency, producing 0.5 mm i.d. x d® columns with almost 90,000 plates m-1 for tokuen
(R.S.D.=8.7%, n = 3), using a slurry concentratb600 mg ml-1, ACN-water (50:50 (v/v)) as the
packing solvent and a packing pressure of 650 BarsMethod I, the slurry concentration, column,i.d
column length and initial packing pressure werentbto have a significant effect on column efficignc
Finally, the long-term temperature stability of repared columns was investigated. In isotherntalen
using ACN-20 mM phosphate buffer, pH 7 (50:50 (v&3 the mobile phase, the columns were found to be
stable for at least 3,000 void volumes at 100°Cthist temperature, the solute efficiencies charajeuit
5-18% and the retention factors changed about 6% mperature programming mode (not exceeding
100°C), on the other hand, a rapid decrease indmthmn efficiency and retention factors was obsdrv
However, when the columns were packed as init@ddlscribed, ramped up and down from 50 to 100°C for
48 h and refilled, fairly stable columns with actzdpe efficiencies were obtained. Although notyfull
regaining their initial efficiency after refillinghe solute efficiencies changed about 19-28% (B3%)3and

the retention factors changed about 4-5% (13-178é) aunning 3,000 (25,000) void volumes or 500
(3,900) temperature programs.



85. D.E. Koch, R. Isaza, J.W. Carpenter, R.P. Hufi@multaneous Extraction and Quantitation of faeryl and
Norfentanyl from Primate Plasma with LC/MS DetentioJournal of Pharmaceutical and Biomedical
Analysis 34, 577-584 (2004).

Abstract:The quantitation of both fentanyl and its desatkgtabolite, norfentanyl, in plasma using
LC/MS has not been previously described. The dieteand quantitation of fentanyl and norfentangsw
achieved using LC/MS detection. The liquid-liquidraction used toluene as the organic phase.
Chromatography was carried out using a ZirChrom-FBIDmm x 2.1 mm, 3 pm) column with a mobile
phase of acetonitrile-ammonium acetate (10 mMjatt(0.1 mM, pH 4.4) (45:55, v/v) with a flow raié
0.3 ml/min. Mass spectroscopy detection was pewar using ESI in the positive mode. The LOQ for
fentanyl was 25 pg/ml and norfentanyl was 50 pg/Rdr the concentrations of 75, 250, 750 pg/ml,
respectively, fentanyl had inter-day precision§.&, 7.2, and 6.6% with accuracies of 4.0, 5.1, a6
and intra-day precisions of 1.6, 1.9, and 1.9% waitburacies of 11.6, 9.4, and 8.4%, and norfentaag!
inter-day precisions of 7.4, 0.3, and 0.7% withumacies of 9.1, 8.8, and 12.3% and intra-day pieussof
5.3, 1.4, and 0.1% with accuracies of 10.9, 8.8, Hh8%. The recoveries of fentanyl were 85, 98, an
75% and of norfentanyl were 40, 49, and 46% avthe50, 750 pg/ml concentrations, respectively.

86. E. Schleyer, S. Pursche, C.H. Kéhne, U. SchuleRenner, H. Gschaidmeier, J. Freiberg-Richet,eopold,
A. Jenke, M. Bonin, T. Bergemann, P. le Coutre@vuner, M. Bornhduser, O.G. Ottmann, G. Ehninger,
“Liquid Chromatographic Method for Detection anda@titation of STI-571 and its Main Metabolite N-
Desmethyl-STI in Plasma, Urine, Cerebrospinal Fl@iditure Medium and Cell Preparationdgurnal of
ChromatographyB, 799 23-36 (2004).

Abstract:An isocratic online-enrichment HPLC-assay was tgped allowing for the simple and fast
separation and quantitation of STI-571 and its mad@tabolite N-desmethyl-STI (N-DesM-ST]) in plasma,
urine, cerebrospinal fluid (CSF), culture media aetl preparations in various concentrations using
detection at 260 nm. The analytical procedure sbsif an online concentration of STI-571 and N¥bes
STl in the HPLC system followed by the elution oAieChrom-PBD analytical column. Time of analysis
is 40 min including the enrichment time of 5 mimeldetection limit is 10 ng/ml in plasma, CSF, wrét
medium (RPMI) and 25 ng/ml in urine for both STI358nd N-DesM-STI. The intra-day precision, as
expressed by the coefficient of variation (CV)piasma samples ranges between 1.74 - 8.60% fobBT |-
and 1.45 - 8.87% for N-DesM-STI. The correspondialyies for urine measurements are 2.17 - 7.54%
(STI-571) and 1.31 - 9.51% (N-DesM-STI). The intiexy precision analyzed over a 7-month time period
was 8.31% (STI-571) or 6.88% (N-DesM-STI) and 164 TI-571) or 14.83% (N-DesM-STI) for a
concentration of 1000 ng/ml in plasma and 750 nginairine, respectively. Moreover, we demonstratd t
with an alternative, but more time and labor conisignsample preparation and the implementation of
electrochemical detection, a detection limit < 1/@mgcan be achieved. The method described wastosed
perform pharmacokinetic measurements of STI-57 1Nuwdésmethyl-STI in patient samples and for
kinetic measurements of intracellular STI-571 anB&sM-STI following in vitro incubation.

86a. E. Van Gyseghem, I. Crosiers, S. Gourvendc,assart, Y. Vander Heyden, “Determining Orthogband
Similar Chromatographic Systems from the InjectdiMixtures in Liquid Chromatography-Diode Array
Detection and the Interpretation of Correlation floients Color Maps,’Journal of Chromatographg, 1026
117-128 (2004).

Abstract:Generic orthogonal chromatographic systems mightdipful tools as potential starting points in
the development of methods to separate impuritiestiae active substance in drugs with unknown
impurity profiles. The orthogonality of 38 chromgtaphic systems was evaluated from weighted-average
linkage dendrograms and color maps, both basebebadrrelation coefficients between the retention
factors on the different systems. On each chromafddc system, 68 drug substances were injected as
mixtures of three or four components to increasehinoughput. The (overlapping) peaks were idertifi

and resolved with a peak purity algorithm, orthogqrojection approach (OPA). The visualization
techniques applied allowed a simple evaluationrtffagonal and (groups of) similar systems.

87. J. Nawrocki, C. Dunlap, A. McCormick, P. W. €dPart |. Chromatography Using Ultra-Stable Mediadide-
Based Stationary Phases for HPL@gurnal of Chromatographg, 1028 1-30 (2004).

Abstract: The first part of the review contrasts the maiavdsacks of silica-based packings such as their
relative thermal and chemical instability with ebept stability of metal oxides. The paper concerns
mainly ZrO2, TiO2 and Al203. Methods of preparatafrspherical particles for HPLC are described.



Surface chemistry of the oxides is, however, véffeint from that of silica. Ability of the oxidets ion-
and ligand exchange is discussed from a chromagthgraoint of view.

88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromatagrhy

Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC, Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss metheomisd for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilah&ation of the surfaces do not form stable sufspfor
chromatography. On the other hand, the successlyiner modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographigepties of polymer-modified surfaces of zirconia ar

discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

89b.M.M Sanagi, H.H. See, W.A. Ibrahim, A.A. Naithligh Temperature Liquid Chromatography of Trigzol

Fungicides on Polybutadiene-coated Zirconia Statipi?hase,Journal of Chromatograph#, 1059 95-101
(2004).

Abstract:High temperature liquid chromatography using waieht and superheated water eluent is
evaluated as a new approach for the separatioglexdted triazole fungicides, hexaconazole, teburmea
propiconazole, and difenoconazole. Using a polytietee-coated zirconia column at temperatures of 100
150 degrees C, clear separations were achieved W@ purified water was utilized as organic-free
eluent. Excellent limits of detection down to pgdewere obtained for the separation of the triazol
fungicides under optimum conditions. Van't Hoff gléor the separations were linear suggestingrtbat
changes occurred in the retention mechanism oegietihperature range studied.

93. M.M. Sanagi, H.H. See, W.A.W. Ibrahim, A.A. Nai“High Temperature Liquid Chromatography of Tacol

Derivatives on Polybutadiene-Coated Zirconia Stetiy Phases Chromatographia61(11/12) 567-571
(2005).

Abstract:High temperature Reversed-phase high performageie Ichromatography is evaluated as a new
approach for the separation of vitamin E isomelgh@, gamma-, delta-tocopherol, and alpha-, gamma-
,delta-tocotrienol) and alpa-tocopherol acetate 3éparations of each analyte were examined byneary
the eluent composition and column temperature. gJaipolybutadiene-coated zirconia column at
temperatures of 80 degrees C to 140 degrees C,lemgeparations were achieved within 10-20 min
using organic modifier (acetonitrile) in the rarafet0-50%. Irregularity of the Van't Hoff analysisas

noted over the temperature studied. The plot témdeviate from linearity at higher operating
temperatures (140 degrees C and 150 degrees Clinvei#ln deviation errors of 12.7% and 41.6%,
respectively, for the mobile phase examined.

94. J. Murphy, G. Deshpande, “The Use of ZirconiBased HPLC Columns for Heterocyclic Amines Analysis
American Laboratory37(15) 26-27 (2005).

Abstract: The analysis of heterocyclic amines present im-tive-counter (OTC) and prescription products
presents unique problems for HPLC analysis. Marthefdegradant products present in the variousggosa
forms are difficult to separate due to the compauhdyhly similar characteristics. The first method
detailed below currently achieves acceptable sé&paraf these byproducts, but does so at the mfice
short column life since the chromatographic condgipush beyond the recommended limitations of the
silica based column. Another trade-off was a lamgtime of 30 min per injection. The use of a zicon-
based column was investigated to see if an imprewvemm resolution and run time could be achievdde T
ZirChrom® column (ZirChrom, Anoka, MN) is a radiaparture from the traditional silica-based
chemistry that the bulk of current HPLC analysistsaupon.

95d.G. Vanhoenacker and P. Sandra, “High Temperaiquid Chromatography and Liquid Chromatography—
mass Spectroscopy Analysis of Octylphenol Ethoegaitn Different Stationary Phasedgurnal of
Chromatography A1082(2) 193-202 (2005).

Abstract:Temperature was investigated as active parametbeiliquid chromatography (LC) analysis of
octylphenol ethoxylates. Significant differencesatectivity were observed when the oligomers were
analyzed by reversed phase LC (RPLC) on silicacpmia- and polystyrene/divinylbenzene based



stationary phases at low (ambient), medium andagéeMtemperature with acetonitrile/water as mobile
phase. As ascertained by LC—mass spectroscopy {MB)ost cases the elution order of the oligomeas w
completely reversed comparing ambient and high &atpre separations. On a graphitized carbon type
column, the selectivity remained unchanged, regasdihe analysis temperature. Also in normal ph&se
the elution order remained unaffected by tempeeatariations both for acetonitrile/water and
methanol/water mixtures as mobile phase. Surpfigimgnen reversed phase LC on a octadecylsilicagel
column at different temperatures was repeated mvdthanol instead of acetonitrile as mobile phase
ingredient, the reversal of elution order did raitet place. Results are evaluated in terms of théymamic
parameters.

95e. K. Soukupova, E. Krafkova, Jana Suchankové&aiwsaova, “Comparison of Zirconia- and Silica-based
Reversed Stationary Phases for Separation of Eakepli Journal of Chromatography,A087(1-2) 104-111
(2005).

Abstract:In this study, the separation of biologically setpeptides on two zirconia-based phases,
polybutadiene (PBD)-ZrO2 and polystyrene (PS)-Zr&4%] a silica-based phase C18 was compared. Basic
differences in interactions on both types of phdsédo quite different selectivity. The retention
characteristics were investigated in detail usivaréety of organic modifiers, buffers, and temperes.

These parameters affected retention, separatiaiegity, resolution and symmetry of peaks. Sepamati
systems consisting of Discovery PBD-Zr column arabite phase composed of a mixture of acetonitrile
and phosphate buffer, pH 2.0 (45:55, v/v) at 7&AG Discovery PS-Zr with acetonitrile and phosphate
buffer, pH 3.5 in the same (v/v) ratio at 40 °C eveuitable for a good resolution of enkephalintezla
peptides. Mobile phase composed of acetonitrilegrasphate buffer, pH 5.0 (22:78, v/v) was appaipri

for separation of enkephalins on Supelcosil C18ostary phase.

97a.T. Teutenberg, H.-J. Goetze, J. Tuerk, J.gelod .K. Kiffmeyer, K.G. Schmidt, W. gr. Kohordt, Rohe, H.-
D. Jansen and H. Weber, “Development and Applicadiba Specially Designed Heating System for
Temperature-programmed High-performance Liquid @fatmgraphy Using Subcritical Water as the Mobile
Phase,"Journal of Chromatography,A114(1) 89-96 (2006).

Abstract:A specially designed heating system for tempeeapuogrammed HPLC was developed based on
experimental measurements of eluent temperatuideiasstainless steel capillary using a very thin
thermocouple. The heating system can be operatethaeratures up to 225 °C and consists of a
preheating, a column heating and a cooling ungt Egcle times after a temperature gradient can be
realized by an internal silicone oil bath which sodown the preheating and column heating unit.g-on
term thermal stability of a polybutadiene-coatedanium dioxide column has been evaluated using a
tubular oven in which the column was placed. Thekjpey material was stable after 50 h of operatibn a
185 °C. A mixture containing four steroids was saped at ambient conditions using a mobile phase of
25% acetonitrile:75% deionized water and a mobilage of pure deionized water at 185 °C using the
specially designed heating system and the PBD aaldmalysis time could be drastically reduced from
min at ambient conditions and a flow rate of 1 mio/t@ only 1.2 min at 185 °C and a flow rate of 5
mL/min. At these extreme conditions, no thermalmagch was observed and peaks were not distorted,
thus underlining the performance of the developeatihg system. Temperature programming was
performed by separating cytostatic and antibiotigd with a temperature gradient using only wasaha
mobile phase. In contrast to an isocratic elutibthis mixture at room temperature, overall anaysne
could be reduced two-fold from 20 to 10 min.

100.C. Ovens, D. Sievwright and A.J. Silcock, “Yunal Retention Behaviour of 4-substituted Pipegdion
Polybutadiene and Polystyrene Coated Zirconia by @wison to Reverse Phase Siliciurnal of
Chromatography A1137(1) 56-62 (2006).

Abstract:The retention properties of a range of N-methyglated N-des-methyl 4-substituted piperidines
on polybutadiene (PBD) and polystyrene (PS) coatetnia have been studied and compared to those of
Xterra RP18 and Genesis C18 silica. The effectuffieb type and pH are investigated with regarchio t
elution order on all three stationary phases. Ttange in the elution order is linked to the degree
substitution of the piperidine nitrogen and appé¢aise independent of the rest of the structuidicating

that this moiety is most heavily involved in thgpamtion mechanism on the zirconia phases.

101.V. ikovsky, R. Ku era and J. Klime§, “Potential Employment of Nonesilbased Stationary Phases in
Pharmaceutical AnalysisJournal of Pharmaceutical and Biomedical Analydi4(5), 1048-1055 (2007).



Abstract:The absolute majority of the HPLC applications siiea-based columns for the separation of
active substance and its impurities. However, aatiy phases based on metal oxides appear as an
interesting alternative. The aim of our study wagwestigate the potential utilization of metaldecbased
stationary phases in analytical evaluation of osd&ion and its five pharmacopoeial impurities. dn o
study commercially available ZrO2-based columng.(@t-PBD, Zr-PS, Zr-C18) and TiO2-based column
were used. The effect of an organic modifier (tgpd ratio), a buffer (type, pH and concentratiarg the
influence of temperature was investigated. The redjo@ of ondansetron and its five pharmacopoeial
impurities was successfully accomplished on a Zeni®-PBD column using a mobile phase consisting of
acetonitrile-ammonium phosphate (25 mM, pH 7.0}&28v/v). Detection was performed at 216 nm and
the analysis was completed within 7.5 min. The pgpeves metal oxide-based stationary phases as an
alternative to classical silica-based stationargsels in pharmaceutical analysis.

103.S. Pursche, O.G. Ottmann, G. Ehninger ancBeger, “High-performance Liquid Chromatographytite
with Ultraviolet Detection for the Quantificatiori the BCR-ABL Inhibitor Nilotinib (AMN2107) in Plasan,
Urine, Culture Medium and Cell Preparation¥gurnal of Chromatography,B52(1-2) 208-216 (2007).

Abstract:An isocratic and sensitive HPLC assay was devel@tlewing the determination of the new
anticancer drug nilotinib (AMN2107) in human plasméne, culture medium and cell samples. After
protein precipitation with perchloric acid, AMN1@nderwent an online enrichment using a Zirchrom-
PBD recolumn, was separated on a Macherey-Nag&HI1 column and finally quantified by UV-
detection at 258 nm. The total run time is 25 rfiime assay demonstrates linearity within a conctatra
range of 0.005-5.0g/ml in plasma (r2 = 0.9998) and 0.1-10dIml in urine (r2 = 0.9913). The intra-day
precision expressed as coefficients of variatioyeal depending on the spiked concentration between
1.27-9.23% in plasma and 1.77-3.29% in urine, tdy. The coefficients of variation of inter-day
precision was lower than 10%. Limit of detectionsv@a002 g/ml in plasma and 0.01g/ml in urine. The
described method is stable, simple, economic anolignely used for in vivo and in vitro pharmacodiic
studies of AMN107.

104.V. ikovsky, R. Ku era, J. Klimes and J. Dohnal, “Titania-based Statip Phase in Separation of
Ondansetron and Its Related Compoundsyirnal of Chromatography,Anline 15 December 2007

Abstract:Improvements in stationary phase stability haventend remain a great task for research of new
stationary phases. Metal oxide-based stationarggshappear as one of perspective alternativeassical
silica based stationary phases regarding to timitas effectiveness, different selectivity, diftart

retention mechanism and mainly better chemicalthadmal stability. In this study, the retention beiour

of ondansetron and its five pharmacopoeial impesitin TiO2-based reversed phase was investigabted. T
influence of buffer type, pH and concentration etention was studied. Different types and amount of
organic solvent in mobile phase were tested. Tfezebf temperature and flow rate on separation was
investigated. The separation conditions were optithiand developed method validated. The retention
parameters — retention time (tR), retention fa¢kqr theoretical plate number (N), resolution between
peaks due to nearby peaks (Rs) and symmetry féstdthave been compared to parameters achieved on
polybutadiene-coated zirconia column. The thermadyic parameters of retention of analysed compounds
— enthalpy, entropy and Gibbs free energy — welilzted and compared to those achieved on
polybutadiene-coated zirconia column. This workveosimilarity of retention behaviour of ondansetro
and its five related compounds on zirconia-basefitisainia-based stationary phases and potential
utilisation of polyethylene covered TiO2-based reed stationary phase as an alternative to
polybutadiene-coated ZrO2 stationary phase in pheentical analysis of ondansetron.

105.C.V. McNeff, B. Yan, D.R. Stoll, R.A. HenryReview: Practice and Theory of High Temperatureuldq
Chromatography,Journal of Separation Scienc#), 1672-1685 (2007).

Abstract:High temperature liquid chromatography (HTLC) & a temperature region beyond ambient
(ca. 40 C) and below super critical temperaturée gromises of HTLC, such as increased analysisdspe
enhanced separation productivity, “green” LC withigowater mobile phases coupled to universal FID
detection, and fast analysis of complex samplesdoybination with fast 2-D techniques, have become a
option for routine practice. The focus of this paiseto review the key developments that have ntade
application of HTLC a practical technique and detention to new developments in 2-D techniques tha
incorporate HTLC that offer an opportunity to vasticrease the usefulness of HPLC for the analysis
complex samples.



ZirChrom O-CARB

3. T.P. Weber, P.W. Carr, and E.F. Funkenbuschalt&tion of a Zirconia-Based Carbon-Polymer Contgosi
Reversed-Phase Chromatographic SuppdrtChromatogr519, 31-52 (1990).

Abstract Three zirconia-based composite reverse-phasegedgbrmance liquid chromatography supports
with exceptional alkaline stability are describélthe first support was prepared by chemical vapor
deposition of carbon onto a porous zirconia subesttae second by hydrogen treatment of the carbon
coated zirconia particle at elevated temperature the third by deposition and cross-linking of a
hydrophobic polymer layer over the carbon-coatedoziia particle. The alkaline stability, and
chromatographic selectivity, efficiency and loadeapacity of these packing materials were examametl
compared. Hydrogen treatment of the carbon pestiskrved to remove or modify high-energy adsamptio
sites on the carbon surface. The polymer coatinthe carbon particles increased the chromatographi
efficiency and loading capacity over that of theebearbon supports. These materials appear to be
indefinitely stable at 8€ in a mobile phase of methanol-water (50:50) breffeat pH 12.

4. T.P.Weber, P.W. Carr, "Comparison of IsomgyaBation on Carbon-Clad Microporous Zirconia and on

Conventional Reversed-Phase High-Performance LiGhisbmatography Supportsihal. Chem62, 2620-5
(1990).

Abstract A carbon-clad zirconia-based support is usedtferseparation of a variety of structural isomers.
The separation of these isomers on the carbonzaleonia surface is compared to that on a conveatio
reversed-phase column of higher efficiency. Théileghases were individually optimized for each
isomer separation on both columns. The relatitent®sn of the solutes of interest on carbon andSOD
columns are also compared. In general the canopost has much greater selectivity for the separaif
both nonpolar and polar isomers and is considenalolge retentive than the conventional reverse-phase
support. The retention of the carbon-clad zircanipport is especially high for solutes with polar
functional groups attached to an aromatic ring (iigotoluene, alkyl aryl ketones, nitroxylenef)espite
the lower chromatographic efficiency of the carlsapport, it proved to have better resolving powet a
provided faster separations than did the conveatioolumn.

28. T.P. Weber, P.T. Jackson, and P.W. Carr, "Chtognaphic Evaluation of Porous Carbon-Clad Ziraoni
Microparticles,"Anal. Chem67,3042-50 (1995).

Abstract The chemical vapor deposition of hydrocarbonporous zirconia (Zrg) microparticles creates
a reversed-phase support that is significanthedifit from conventional bonded reversed-phase stgpo
This carbon-overload zirconia support (C/2r@ stable to conditions of extreme pH (0-12) and
temperature (80C). It differs greatly from conventional suppdirists chromatographic selectivity; the
separation of positional isomers is facile, andg thiee well resolved compared to the separation b O
silica. The unique chromatographic nature of thégerial was studied in detail to better understamdi
find applications for this novel stationary pha3ee results of loading capacity and chromatogm@phi
efficiency studies are also discussed.

39. P.T. Jackson, M.R. Schure, T.P. Weber, and Ea#t, “Intermolecular Interactions Involved in St

Retention on Carbon Media in Reversed-Phase HiglofPegance Liquid Chromatography&hal. Chem 69,
416-425 (1997).

Abstract Carbon adsorbents for RPLC separations are greatlerutilized due to the poor
chromatographic properties of the earliest comradlycavailable materials and our limited understagd
of solute interactions with the solid surface. viRvasly, we reported on the properties of a carbfiace
prepared by vapor deposition on porous zirconiaasgheres. The resulting material is a new type of
carbon sorbent with considerably improved chromatplgic properties. Here we present a fundamental
study of the intermolecular interaction influencs@ute retention on these novel carbon phasesunde
RPLC conditions. Retention on seven unique cafi@ses has been correlated with solute descriptors
dispersion, dipolarity/polarizability, and hydrogeond basicity through the use of linear solvatoergy
relationships (LSERS). In stark contrast, converdl bonded phases do not show the large contibuti
from dipolarity/polarizability that is observed tirese types of carbon. The presence of this ictiera
indicates a distinct difference between carbon@mentional bonded RPLC phases. Other results
suggest that solvent sorption plays a significatg g1 controlling solute retention on carbon.atidition,
we investigated the temperature dependence oftimtern carbon and found typical RPLC-like behavior



46. P.T. Jackson, T.-Y. Kim, and P.W. Carr, “Diasteneric Selectivity of Carbon-Coated Zirconia Reee-
Phase Liquid Chromatographic Medi&hal. Chem69,5011-17 (1997).

Abstract The determination of enantiomeric excess, thahesrelative amount of any pair of optical
antipodes, constitutes an integral part of the vadrnalytical and synthetic chemists involved atunal
products research or pharmaceutical developmeiishigt’s reagengfFmethoxya-
(trifluoromethyl)phenylacetyl chloride] has evolvido a major tool for the determination of abselut
configuration by NMR. We report here on the sefianaof diastereomers formed by derivatizing
enantiomers with Mosher’s reagent. We have shtnaanreversed-phase liquid-solid adsorption
chromatography on carbon surfaces frequently gieesiderably superior resolution of diastereomeric
pairs than does RPLC on conventional bonded phaBes.improved resolution results from the veryhhig
sensitivity of solid carbon surfaces to the geoinatrganization of the solute rather than frometiénces
in column efficiency. We compare the separatioptefrmaceutically and biologically important
stereoisomeric mixtures, includingg)¢warfarin and £)-amino acid esters, on both conventional bonded
phases and carbon surfaces prepared by chemiaal gaposition of organic compounds on porous
zirconia micropatrticles.

51. P.T. Jackson and P.W. Carr, “Improving ReveiBpdse Liquid ChromatographyGHEMTECH28, 29-37
(1998).

Abstract With the wide array of problems associated wlith ¢urrent suite of RPLC stationary phases, new
materials, which are immune to chemical suscefitdslof silica, bonded phases, and polymers, are
needed. Zirconia, a chemically and thermally staiernative to silica developed at the University
Minnesota, is now manufactured by ZirChrom Sepanati

57a. T. Scott Kephart and Purnendu K. Dasguptat EHuent Capillary Liquid Chromatography Usingdinia
and Titania Based Stationary Phasésyélytica Chimica Actd14, 71-78 (2000).

Abstract:High speed capillary liquid chromatographic sepans using a simple home made system
constructed from readily available inexpensive congnts have been studied. Using thermally stable
zirconia and titania based packing, the separatia@ight alkylbenzene derivatives in less than & igi
shown. The system is capable of operating at teatypes as high as 200°C and pressures up to 1900
and can, thus, take advantage of the reductioluaneviscosity and enhanced mass transport ahaldv
temperatures to operate at very high linear vetxivithout sacrificing separation efficiency.

58. Y. Mao and P.W. Carr, “Adjusting Selectivityliquid Chromatography by Use of the Thermally Tdine
Tandem Column Concept&nal. Chem72, 110-118 (2000).

Abstract In this study, we propose the novel “thermallyed tandem column {T)” concept for the
optimization of selectivity in LC by continuous adfment of the stationary phase. Two columns with
distinctly different chromatographic selectivitigsg., polybutadiene- and carbon-coated zirconm) a
serially coupled anthdependentlyemperature-controlled. Selectivity is “tuned” &gjusting the
individual temperatures of the two columns. THedefof changing column temperature is quite analisg
to changing the relative column lengths, therelgrizg the relative and absolute contribution eaamiimn
makes to the overall retention time ifCT The distinct selectivity differences betweetypatadiene- and
carbon-coated zirconia as well as the extraorditfagymal stability of zirconia-based phases (thdéigma
stable to 200° C) allow us to tune the overall artographic selectivity over a very substantiagenWe
have developed a simplified useful model, whichrabterizes retention and selectivity for tii€Bystem
as a function of the two column temperatures. ffbdel is in good agreement with the experimental
results. We also describe a simple computer-askgttimization strategy based on the window diagra
method, which facilitates the optimization of th&Tsystem with only four or five initial runs.

61. Y. Mao and P.W. Carr, “Application of the Thelg Tuned Tandem Column Concept to the Separation
Several Families of Environmental Toxicant&rial. Chem 72, 2788-2796 (2000).

Abstract Separations of several families of environmetuzicants were optimized by means of the
thermally tuned tandem column®@) concept. We use a tandem combination of ardectdsilane (ODS)
and a carbon-coated zirconia (C-Zy@olumn; and tune the selectivity by independeatjusting the
isothermal temperatures of the two columns. Téssilts in the change in the contribution that each
column makes to the overall retention and seldgtivi he separation was optimized by locating the



optimum pair of column temperatures which givelilbet separation of the critical solute pair. Fathb
triazine herbicides and carbamate pesticides sangiamatically different selectivities and diffete
critical pairs were observed for the two types ldiges. Although neither individual phase gave aaleq
separation, the*C approach provided baseline separations usingfonlypreliminary trial separations.
We also showed that, for the triazine samplesTf@approach gave a better separation than did
conventional mobile phase optimization with an Qfa&imn. The combination of superior selectivity of
T3C and high flow rate allows the baseline separatforcomplex mixtures in just a few minutes.

65. C. McNeff, L. Zigan, K. Johnson, P.W. Carr,\Wang, A.M. Weber-Main, “Analytical Advantages oighly
Stable Stationary Phases for Reversed-Phasel@3C 18(5), 514-529 (2000).

Abstract During the past five years, many manufacturersighi performance liquid chromatography
(HPLC) columns have focused on improving statiofamgse stability and reproducibility. Improved
column stability — both chemical and thermal — ffeew advantages, such as decreased analysianiine
new methods of selectivity optimization. More $#aHPLC packing materials have been achieved throug
advances in silane chemistry; however, the greatesbvements in stability have resulted from tise of
alternative nonsilica supports such as synthegiamic polymers, alumina, and zirconia. In thisctet the
authors describe their use of various test solatesmpare the efficiency, selectivity, and hydroipic
retention mechanisms of five commercially availabeL.C columns based on silica, alumina, zirconia,
and polystyrene cross-linked with divinlybenzeng&+PVB).

67. Y. Mao and P.W. Carr, “Separation of Barbitasaand Phenylthiohydantoin Amino Acids Using therffimally
Tuned Tandem Column Concepfhal. Chem 73, 1821-1830 (2001).

Abstract There are many more choices of column type tiaatuent type for method development in
reversed-phase liquid chromatography. It is comtoswitch between different column types or betwee
the same type from different suppliers to achidéwedesired separations. The key difficulty in matan
band spacing by adjusting the column type is thigta discontinuous, “hit or miss” propositionhé
thermally tuned tandem column®Q) concept effectively solves this problem by cariimg two columns

in series and independently controlling the twaiomh temperatures. The columns are chosen to have
distinctively different chromatographic selectigdi(band spacing), so that the unresolved peaks®n
column are separated by the other. The optimiepdrstion in the 3C is achieved by simultaneously
tuning the two column temperatures. In this study,used the ¥ combination of a carbon and a
conventional bonded phase for separation of badig#a and phenylthiohydantoin amino acids (PTH-
amino acids). Good peak shapes and comparableiogt¢imes were observed on the two phases at room
temperature. The selectivities on the two phasae \guite different. Baseline separations werédyeas
achieved with the *C set although neither column could individuallgatye all the peaks. We further
compared the separation of barbiturates optimizeth® T°C approach with that optimized by adjusting
the mobile phase. We found thalCTgave a better separation. We believe that fflecbmbination of a
carbon phase and a bonded conventional reversestphaterial provides a powerful and general method
to optimize the separation of various mixtures.

71. Christopher J. Dunlap, Peter W. Carr, Claytom¢Neff, Dwight Stoll, “Zirconia Stationary Phasfes
Extreme Separations&nal. Chem.598A-607A (2001).

Abstract Composite materials surpass standard silicorcartbn for stability and robustness in
complicated reversed-phase column applications.

73b. P.T. Jackson and P.W. Carr, “Study of Poldridonpolar Substituted Benzenes and Aromatic Isemoer
Carbon-coated Zirconia and Alkyl Bonded Phasésurnal of Chromatography,®58(1-2) 121-129 (2002).

Abstract:Retention factors of polar and non-polar mono- dirsuibstituted benzene derivatives were
measured on carbon coated zirconia (C/ZrO2) arallgh modified silica using water—acetonitrile mibi
phases. Published data on porous graphitic carbasgs (PGC) were used to facilitate comparisons
between the two types of carbon media. This wodwad that retention on both C/ZrO2 and PGC is much
more sensitive to the solute polarizability, dipdia and shape than on aliphatic phases. For simpl
disubstituted benzenes there was no general ade@advantage in terms of chromatographic selegttoit
using a carbon-based phase over a bonded phase kidwever, the selectivities towards such isorasrs
quite different on the two types of media. In cadistinction to their effect on alkyl bonded phase
retention, addition of a dipolar substituent angkvaydrogen bond acceptor to a benzene ring almost
always increases the solute’s retention on C/ZmaPRGC.



75. M. Gray, G.R. Dennis, P. Wormell, R.A. Shallikad P. Slonecker, “Two Dimensional Reversed-phase
reversed-phase Separations: Isomeric Separationgplorating C18 and Carbon Clad Zirconia Stationary
Phases,Journal of Chromatograph#, 975 285-297 (2002).

Abstract:Informational theory and a geometric approactatidr analysis were employed to evaluate the
degree of orthogonality of a two-dimensional reedrphase-reversed-phase chromatographic system. The
system incorporated a C18 column as one dimensidraaarbon clad zirconia column as the second
dimension. In order to study the resolving powethig system, the separation of a sample matrix
containing an artificial mix of 32 isomers (struetbiand diasterecisomers) was evaluated. Using this
system, between 25 and 28 of the 32 isomers caulkparated, depending on the mobile phase
combinations- with resolution that could not pobslie achieved in a single one dimensional separati
The results from this study indicate that in ortefully evaluate the resolving power of a 2D syste
multiple methods of analysis are most approprifltés becomes increasingly important when the sample
contains components that are very closely relateidtiae retention of solutes is clustered in onedopra of
the 2D space. Ultimately, the usefulness of thes@paration is determined by the goals of analyst.

77. R.A. Henry, “Highly Selective Zirconia-basedaBhs for HPLC ApplicationsAmerican Laboratory34(22),
18-25 (2002).

Abstract:Zirconia-based phases (Z-phases) for HPLC have &e&ilable for almost a decade, and are
finding a wide range of applicability because tlaeg very complementary to silica-based phases (S-
phases) and often replace total-polymer phase$iéBegs), particularly in reversed-phase (RP) apjiita

77a. T.S. Kephart, P.K. Dasgupta, “Superheated M&tent Capillary Liquid ChromatographyTalantg 56, 977-
987 (2002).

Abstract:A capillary scale reverse phase liquid chromatplyya(LC) system using a super hot water eluent
is described. The system, constructed in-house feadily available components, has been shown to
operate at temperatures as high as 370 °C andupessa excess of 10,000 psi. The capability of the
system is demonstrated with the separation of aum@of polar and non-polar benzene derivatives on
polybutadiene and elemental carbon modified zirmqaickings with or without temperature gradients. S
benzene derivatives can be separated in ~ 2 min.

80. Y. Mao and P.W. Carr, “The Thermally Tuned TemdColumn Approach to Optimizing Selectivity in HPE
LCGC North America21(2), 150-167 (2003).

Abstract:The authors describe the thermally tuned tanddomooconcept for the optimization of
selectivity in liquid chromatography by effectivadgntinuously adjusting the stationary phase. They
serially connected two columns with distinctly éifént chromatographic selectivities (band spaciagsd)
used independent temperature control for the cafurhhey tuned the overall selectivity of the tandem
column set by individually adjusting the two colutemperatures. The authors compare thermally tuned
tandem column separations with some single-coluptimization strategies, including the variation of
temperature, eluent type, eluent composition, amdlsaneously varying the temperature and eluent
composition.

82b.M.J. Gray, G.R. Dennis, P.J. Slonecker, Rialliker, "Evaluation of the Two-Dimensional RevedsPhase-

Reversed-Phase Separations of Low-Molecular Mags®cenes,"Journal of Chromatography,A015(1-2)
89-98 (2003).

Abstract:The resolving power of four reversed-phase—redept®mse two-dimensional (2D)
chromatographic systems was evaluated using infismgheory (IT) and a geometric approach to factor
analysis. The first separation dimension employ&di& column, while the second separation dimension
employed a carbon clad zirconia column. Mobile plaa each dimension were either methanol or
acetonitrile. The sample matrix that was employethis study contained a mixture of 58 components,
comprised of sterecisomers and structural isomfesissgstematic variation in molecular weight. Ea€h
the components were oligostyrenes, with betweenatebfive configurational repeating units having
either n-butyl, sec-butyl or tert-butyl end groups.

In the two-dimensional systems employed in thisigtietween 46 and 49 of the 58 components could be
separated, depending on the mobile phase comhisatiaith apparent resolution that could not possibly



be achieved in a single one-dimensional separafiba.results from this study indicate that in oraer

fully evaluate the resolving power of a 2D systenitiple methods of analysis that evaluate the ssjmar
potential are most appropriate. This becomes isangdy important when the sample contains companent
that are very closely related and the retentiosodiites displays a high degree of solute crowding.

88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromatagrhy
Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC,Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss methomisd for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilah&ation of the surfaces do not form stable sufspfor
chromatography. On the other hand, the successlyingr modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographjoepties of polymer-modified surfaces of zirconia ar
discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

89. M. Gray, G.R. Dennis, P.J. Sloneckerb, R.Allfea, “Separation of Oligostyrene Isomers in angex
Mixture Using Two-Dimensional Heart-Cutting Revatdehased Chromatographygdurnal of
ChromatographyA, 1028 247-257 (2004).

Abstract:The development of a two-dimensional liquid chrtogaaphic system requires a process of
assessment that can yield an optimum performingsysvith minimal experimental evaluation.
Information Theory and a geometric approach todtaghalysis are two techniques that when used in
combination, provide important information on thgected two-dimensional performance. In the present
study, we compare the predicted separation periocmaf two-dimensional systems that have been
subjected to analysis by Information Theory andéta&nalysis to that of actual chromatographic
separation performance. Our test separation coegasmixture of 32 oligostyrene structural isonaand
stereoisomers. The optimal combination as deteminryelnformation Theory and Factor Analysis
consisted of a C18 column with a methanol mobilasehin the first dimension and a carbon clad ziecon
column with an acetonitrile mobile phase in theosecdimension. This system was also shown to be the
most successful practical system when a heartrguépproach was employed. The practical resulte wer
in total agreement with the results from Informatitheory and Factor Analysis. The number of isomers
resolved using this system was 27. A second systamely one comprising of a C18 column and
methanol mobile phase in the first dimension agdrdon clad zirconia column with a methanol mobile
phase in the second dimension was also predicted tosystem with high separation potential. Howeve
practical assessment of this system did not retilieeheoretical predictions, largely due to thaglo
separation times required in the second dimensiorthermore, all combinations that employed a C18
column with an acetonitrile mobile phase in thstfatimension failed to realize the theoretical safian
potential due to high solute crowding, low orthoglity and a disordered arrangement of bands aloag t
first separation axis. This was also predictedhgytheoretical assessment.

89a.J.H. Park, J.W. Lee, S.H. Kwon, J.S. Cha, 28, C.V. McNeff, “Separation of Racemic 2,4-Diaphenyl
Amino Acids on 9-O-(phenyloxycarbonyl)quinine-bodd@arbon-Clad Zirconia in Reversed-Phase Liquid
Chromatography,Journal of Chromatograph#, 105Q 151-157 (2004).

Abstract:Zirconia is known to be one of the best mateffiatshe chromatographic support due to its
excellent chemical, thermal, and mechanical stgbiln this work, we report preparation and us®-@-
(phenyloxycarbonyl)quinine-bonded carbon-clad ziiaqQNCZ) as a chiral stationary phase (CSP) for
separation of N-(2,4-dinitrophenyl) (DNP)-aminodg{AASs) enantiomers in reversed-phase liquid
chromatography. Retention and enantioselectivithhefQNCZ CSP were compared with those of quinine
3-triethoxysilylpropylcarbamate-coated zirconia @MNnd quinine 3-triethoxysilylpropylcarbamate-
bonded silica (QNS). The QNCZ CSP showed in gerikeabetter enantioselectivity for most of the amin
acids studied.

95a.J.C. Reepmeyer, J.F. Brower, H. Ye, "Separaal Detection of the Isomeric Equine Conjugatstidgens,
Equilin Sulfate and delta8,9-dehydroestrone Sulfayeliquid Chromatography-Electrospray-Mass
Spectrometry using Carbon-coated Zirconia and Po@raphitic Carbon Stationary Phaselgtirnal of
Chromatography A1083 42-51 (2005).



Abstract:Equilin-3-sulfate and delta8,9-dehydroestrone{Basei are two isomers found in equine
conjugated estrogens that differ in structure dnylyhe position of a double bond in the steroidrigyr
These geometric isomers were not resolved on acGW8nNn during the analysis of conjugated estrogen
drug products by LC-MS using acetonitrile-ammoniacetate buffer as the mobile phase. While no
separations of these two isomers were observedl8ro€other alkyl-bonded silica based phases wsing
variety of mobile phase conditions, partial separstwere achieved on phenyl bonded silica phagsaw
resolution of 1.5 on a diphenyl phase, and basskparations were readily achieved on two carbanece
phases with resolutions routinely exceeding thregraphitic carbon-coated zirconia (Zr-CARB) and
resolutions as high as 19 on porous graphitic cafblypercarb). An examination of a selected few
conjugated estrogens in the complex drug substaynt€-MS on Hypercarb is presented.

98. D.R. Stoll, J.D. Cohen, P.W. Carr, "Fast, Cozhpnsive Online Two-dimensional High Performanicpuld
Chromatography through the use of High Temperdtltra-fast Gradient Elution Reversed-phase Liquid
Chromatography,Journal of Chromatography,A122 123-137 (2006).

Abstract:A new approach to high speed, comprehensive odliraé¢ gradient elution 2DLC (LCxLC) based
on the use of ultra-fast, high temperature gradéution reversed phase chromatography is described
Entirely conventional gradient elution instrumeigatand columns are assembled in a system which
develops a total peak capacity of about 900 in B5this is equivalent to roughly one peak/2s. Each
second dimension gradient is done in a cycle tifr&le and the peak retention times measured fet afs
twenty six indole-3-acetic acid (IAA) derivativeseaeproducible to 0.2s. Each peak eluting fromfitis¢
dimension column is sampled at least twice actgssidth, as the corresponding peaks on the second
dimension column appear in two or three consecwid®nd dimension chromatograms, clearly indicating
that there is little loss in the resolution gaimedhe first dimension separation. Application e t

separation of the low molecular weight componefisilol-type and mutant maize seedlings indicates th
presence of about 100 peaks on a timescale of 2%8nimpelling illustrations of the analytical potiahof
fast, high temperature 2DLC are evident in thergigasence of nine distinct peaks in a single sgécon
dimension chromatogram from a single quite narriost imension peak, and the great power of 2DLC to
solve the "analytic dynamic range" problem inheiarthe measurement of small peaks that are neighbo
to a gigantic peak.

98b. F. Cacciola, P. Jandera, E. Blahova, L. Mdodé&Development of Different Comprehensive Two
Dimensional Systems for the Separation of Pherglitoxidants,"Journal of Separation Scienc29(16)
2500-2513 (2006).

Abstract:Three different comprehensive 2-D HPLC systemdHerseparation of phenolic antioxidants
have been developed on the basis of different teltées of a PEG-silica column in the first diméms and
a packed or monolithic C18 or a ZR-CARBON colunmespectively, in the second dimension. Two-
dimensional comprehensive liquid chromatographwpagisi serially connected short PEG-silica column and
a conventional C18-silica or a ZR-CARBON columrthie second dimension was tested to improve the
resolution of the earlier eluting compounds infilg dimension. Various types of interface weredi$o
connect the columns in the first and in the seddintension: i) two injection sampling loops of 100nL
conventional arrangement; ii) a 10-port 2-positiatve equipped with two trapping X-Terra columns
instead of loops; and iii) two analytical D2 colusnin parallel. The mobile phase in the first dinienas
a lower elution strength than in the second dim@msallowing band compression of the solutes temnsél
from the first to the second dimension. This effeas enhanced using trapping columns instead of
sampling loops as the interface between the tw@ndsgions, thus allowing a decrease in the time of
analysis. These systems were used for the analfybiser samples. The relative location of the comemts
in the 2-D retention plane varied in relation teittthemical structure in each instrumental setugb
allowed positive peak identification.

101.V. ikovsky, R. Ku era and J. Klime§, “Potential Employment of Nonesilbased Stationary Phases in
Pharmaceutical AnalysisJournal of Pharmaceutical and Biomedical Analydi$(5), 1048-1055 (2007).

Abstract:The absolute majority of the HPLC applications siiea-based columns for the separation of
active substance and its impurities. However, atatiy phases based on metal oxides appear as an
interesting alternative. The aim of our study wagwestigate the potential utilization of metaldecbased
stationary phases in analytical evaluation of osdtnon and its five pharmacopoeial impurities. dn o
study commercially available ZrO2-based columng.(@t-PBD, Zr-PS, Zr-C18) and TiO2-based column
were used. The effect of an organic modifier (tgpd ratio), a buffer (type, pH and concentratiarg the
influence of temperature was investigated. The rediom of ondansetron and its five pharmacopoeial



impurities was successfully accomplished on a Zeni®-PBD column using a mobile phase consisting of
acetonitrile-ammonium phosphate (25 mM, pH 7.0}&28v/v). Detection was performed at 216 nm and
the analysis was completed within 7.5 min. The pgpeves metal oxide-based stationary phases as an
alternative to classical silica-based stationargsels in pharmaceutical analysis.

102.S.D. Chambers and C.A. Lucy, “Surfactant Cb&eaphitic Carbon Based Stationary Phases formnio
exchange Chromatographyldurnal of Chromatography,A176(1-2) 178-184 (2007).

Abstract:Separations of common inorganic anions were ahoig on three different surfactant coated
media using carbonate/bicarbonate eluents withreggpd conductivity detection. Graphitic carbon
columns (porous graphitic carbon and carbon-clexbria) packed with 3m particles have been
converted into anion-exchange stationary phasesjbifibration with the cationic surfactants:
didodecyldimethylammonium bromide (DDAB); cetyltiéimylammonium bromide (CTAB); and
cetylpyridinium chloride (CPC). Additionally, antsiene-bridged silica column was studied with CPC
coatings. Porous graphitic carbon (PGC) columnsecbaith DDAB exhibited pressure increases and loss
of resolution at higher capacities. CPC coatingP&€ exhibited better repeatability and efficiesaié

5.0 x 104 plates/m. However, CPC coatings exhilatd&% loss in retention factor with <1.2 x 103
column volumes on PGC. Conversely, the ethylengged silica column showed complete failure in less
than 8 h of use. As with PGC, carbon-clad zircamiated with CPC showed an initial loss of capadity,
thereafter was stable for more than 1.7 x 103 colualumes (tr RSD < 2%).

105.C.V. McNeff, B. Yan, D.R. Stoll, R.A. HenryRéview: Practice and Theory of High Temperatureuldq
Chromatography,Journal of Separation Scienc®), 1672-1685 (2007).

107. F.
to One-

110. C.

Abstract:High temperature liquid chromatography (HTLC) & a temperature region beyond ambient
(ca. 40 C) and below super critical temperaturée gromises of HTLC, such as increased analysidspe
enhanced separation productivity, “green” LC withigowater mobile phases coupled to universal FID
detection, and fast analysis of complex samplesoogybination with fast 2-D techniques, have become a
option for routine practice. The focus of this pajseto review the key developments that have niade
application of HTLC a practical technique and detention to new developments in 2-D techniques tha
incorporate HTLC that offer an opportunity to vasticrease the usefulness of HPLC for the analyiis
complex samples.

Cacciola, P. Jandera, L. Mondello, “Terapee Effects on Separation on Zirconia Columnslisptions
and Two-Dimensional LC Separations of Phiermtioxidants,”J. Sep. Sci30, 462-474 (2007).

Abstract The effects of temperature and mobile phase orlr@matographic separation of
phenolic antioxidants on zirconia-based columnsvimvestigated. Unlike silicabased
materials, zirconia columns show excellent therstability over a wide

range of temperatures and enable high-temperagpa ations. Enthalpic and

entropic contributions to the retention of phenalienpounds on ZR-Carbon and
ZR-Carbon C18 columns were determined from retaentersus temperature plots

in order to elucidate the retention mechanism ofa compounds over the temperature
range up to 1408C. High-temperature liquid chrometphy on ZR-Carbon

columns was used for comprehensive LC6LC two-dinegeé separation systems

based on the different selectivity of a Zorbax SiBroxcolumn used in the first
dimension and a ZR-Carbon column used in the sedondnsion. Two-dimensional
LC6LC systems employing a setup with two alternatglerated parallel ZRCarbon
columns in the second dimension were used fornlé/sis of phenolic

antioxidants in beer and wine samples.

Milroy, G. Dennis, R.A. Shalliker, “Ultraitth Resolution Separation of Diastereomers on Garbo

Adsorption Stationary Phasegdgurnal of Liquid Chromatography & Related Techryiés 30, 991-999 (2007).

Abstract Reversed-phase adsorption liquid chromatograpdsy weed to successfully resolve diastereomers
in a complex mixture of low molecular weight polystne oligomers. The separation was achieved by
incorporating a two-dimensional liquid chromatodrgsystem where the polystyrene oligomers were
transported from the first dimensional column, 8Cb an adsorbent phase in the second dimension, a
carbon clad zirconia (CCZ) column. Using this sgstg to 46 diastereomers, each consisting of eight
configurational repeat units, were able to be rebin ultra high separations.



112. S. Giegold, M. Holzhauser, T. Kiffmeyer, Jefkj T. Teutenberg, M. Rosenhagen, D. Hennies,oppd-
Tichy, B. Wenclawiak, “Influence of the StationdPhase on the Stability of Thalidomide and Comparisio
Different Methods for the Quantification of Thalisde in Tablets using High-Temperature Liquid
Chromatography,Journal of Pharmaceutical and Biomedical Analyd§ 625-630 (2008).

Abstract In this paper, three different HPLC methods far guantification of thalidomide in tablets were
developed and compared. The comparison of a coiovahimethod at 30C with two high-temperature
methods at 180C showed equal results. Using high-temperature HHLTGHPLC), faster analysis times
could be achieved.We have also focused on anabfdisy and could show that the stationary phaae &
pronounced effect on the on-column degradatiomafdomide at high temperatures. Virtually no
degradation occurs if a polystyrene divinylbenzeolemn is used, whereas thalidomide is completely
degraded at 180C when a carbon clad zirconium dioxide column isdus

114. M. Beldean-Galea, P. Jandera, S. Hodisangfi®enh and Separation Selectivity of Natural Phienol
Antioxidants on Zirconia Based Stationary Phaséaiirnal of Liquid Chromatography & Related Techryis
31, 807-818 (2008).

Abstract Many columns for reversed phase HPLC, based aragiiel, frequently used for separation of
natural antioxidants, have a limited thermal andspébility. In contrast, zirconium dioxide based
stationary phases have an extremely different seréhemistry and are chemically stable over a vade

of pH (1 to 14). Chromatographic properties asgediavith attractive and repulsive ionic interaciomere
investigated by measuring the retention data ohesic naphthalene disulphonic acids on three ziecon
based columns with carbon, carbon C18, and polystybonded stationary phases. A comparative study
on the retention behavior of natural antioxidantgzisconia based stationary phases is reportedrdsdts
suggest that zirconia based columns could be ssitdlysused for separation of natural phenolic
antioxidants.

115. G. Vanhoenacker, P. Sandra, “High TemperandeTemperature Programmed HPLC: Possibilities and
Limitations,” Anal Bioanal Chem390, 245 — 258 (2008).

Abstract Temperature plays an important role in high-penance liquid chromatography (HPLC) since
both the kinetics and thermodynamics of the chrograiphic process are a function of temperature. To
date, the possibilities of using temperature torowp LC separations have not been fully investidate

Most researchers mainly focus on column chemisid/@gimensions, and on mobile phase composition and
pH to optimize their separation. Temperature islygexamined over a broad range and most sepasation
are performed and/or optimized in the temperategion 20-50 °C. Moreover, currently a large nundfer
liquid chromatographs are still operated at roomgerature instead of using a column thermostat to
control column temperature and thus retention tvde.have recently reviewed the use of elevated
temperature and temperature programming in HPIIC [

120. R. A. Shalliker, “Two-dimensional HPLC Analgf Oligostyrenes: Comprehensive and Online Heatting
Techniques,’Journal of Separation Scienc®, 2903-2911 (2009).

Abstract:2-D HPLC incorporating two reversed phase (RP)renments was employed for the

isolation of oligomers and their diastereomersoaf molecular weight oligostyrenes. The operatiba o
comprehensive method of analysis was comparedé&ad-cutting approach. The comprehensive approach
employed a high resolution diastereomer separatitime first dimension and a low peak capacity C18,
high speed separation according to molecular weRgatause of solvent incompatibility between the
dimensions in the comprehensive method, successfidration of the diastereomers of the oligomers wa
not possible. The heart-cutting approach used an@ir®lith in the first dimension, which was seleeti
only for molecular weight. Entire molecular weidteactions were then transported to the second
dimension in an online heart-cutting process fergbparation of diastereomers. The heart-cuttioggss
was more successful in that 228 components of thiensthin the sample were recognized. This series o
separations was undertaken in less than 6 h.

125. M. F. Wahab, C. A. Pohl, C. Lucy, “lon Chroogriaphy on Carbon Clad Zirconia Modified by Diaaani
Chemistry and Functionalized Latex Particld®gyal Society of ChemistiOl: 10.1039/c1lan15284j (2011).

Abstract This work explores the potential of 3 mm carboated zirconia particles as a stationary phase
for ion chromatography for the separation of orgatids and inorganic ions. A 4-phenylsulfonic acid
functionality is introduced onto the carbon surfageeducing 4-phenylsulfonic acid diazonium chderi



with borohydride in the presence of carbon cladarira particles. The elemental sulfur analysis ¢e32
meg—SO3H/g carbon clad zirconia and 2% S atomicemmation by XPS analysis. The —SO3_ groups
serve as electrostatic anchors for latex nanopestlearing quaternary triethylamine functionalugps

The agglomeration step in 5 _ 0.4 cm i.d. colunorsverts the packed particles into an anion exchrange
The breakthrough curves with nitrate indicate aac#tg of 3 meg/column. Separation of common organic
acids and inorganic ions using carbonate eluensapgressed conductivity detection yield plate Ihisig
(H) of 0.023-0.05 mm.

ZirChrom O-PS

50. J. Zhao and P.W. Carr, “Comparison of the Re&terCharacteristics of Aromatic and Aliphatic Resexl
Phases for HPLC Using Linear Solvation Energy Ratahips,”Anal. Chem70,3619-28 (1998).

Abstract The similarities and differences in retentionrelwderistics of aromatic and aliphatic phases have
been elucidated by the use of linear solvationgyneglationships (LSERS). Three aromatic phasés an
three aliphatic phases were investigated in asefienobile phases. The results of LSERs on arpeity
based aromatic phase, poly(styrene-divinylbenzessdh (PRP-1) are very different from those onegith
silica- or zirconia-based aromatic and aliphatiag#s. Retention on all aromatic and aliphatic @has
except PRP-1 is markedly influenced by the solytirdgen bond donor acidity. We believe that PRP-1
exhibits a more adsorption-like retention mechartisam do the other phases. With the inorganicesxid
based phases, the aromatic phases are less retdativthe aliphatic phases but show a large depmed

on molecular polarizability. The enhanced polarility of aromatic phases is the likely cause afgo
differences in their chromatographic selectivithatiwe to the aliphatic phases.

53. J. Zhao and P.W. Carr, “An Approach to the @mhof Resolution Optimization through Changesim t
Effective Chromatographic SelectivityXnal. Chem71, 2623-2632 (1999).

Abstract It is very common chromatographic practice tarofe resolution by making changes in
selectivity by systematically varying key retentioontrolling factors. In many instances, a chainge
conditions merely results in monotonic, systemeidation in the relative retention of all pairspeaks.
Useful or “effective” changes in selectivity gernlgraesult when we see peak crossovers, changes in
elution order or differential changes in band poribf three or more peaks upon changing some tpgra
condition. In this work, we demonstrate that clemip what we now call theffective selectivitganonly
take place when retention depends on a minimuwefblute molecular properties and further the
dependencies must differ for the two sets of cémut To verify our concept, real chromatograptata
are examined from the viewpoint of linear solvaterergy relationships (LSERs) and linear solvent
strength theory. Five different RPLC stationaragds in different eluents are compared to elucithate
similarities and differences in their effectiveeslvities. Of major importance is our finding thhae
effective selectivity can only be understood whda viewed in terms of thetios of system-dependent
interaction coefficients, such as the LSER coedfits, and not merely tlabsolutevalues of the
coefficients. We confirm, both theoretically angerimentally, that a change in mobile-phase volume
fraction and in column temperature is not as powerfmechanism for tuning the effective selectivéy is
a change in stationary-phase type.

55. J. Zhao and P.W. Carr, “Synthesis and Evalnaifan Aromatic Polymer-Coated Zirconia for Reeer$hase
Liquid Chromatography,Anal. Chem71, 5217-5224 (1999).

Abstract We synthesized a novel aromatic polymer-coatembnia-based RPLC stationary phase by
chemical adsorption of a copolymer of chloromettyykne and diethoxymethylvinylsilane onto zirconia
(CMS/VMS-ZrG,). Characterization of the pore structure of thgp®rt by nitrogen porosimetry and
inverse size-exclusion chromatography indicates @aS/VMS-ZrO, maintains the well-defined pore
structure of the base material. Flow studies stiavCMS/VMS-ZrQ has good mass transfer
characteristics. The reversed-phase retentioracteistics of the new support are comparabledsdlof
conventional silica-bonded phases. We have alaluated the mechanical, thermal, and pH stabifity o
CMS/VMS-ZrO,. The results show that CMS/VMS-Zr@ stable over a very wide range of pH (pH = 1-
13) and at temperatures as high as 160° C. Chognagethic separations of some low molecular weight
aromatic analytes on CMS/VMS-Zs@nd octadecyl-bonded silica phases indicate begietare some
subtle but significant differences in the chromaagdic selectivity of these two types of phases.



59. J. Zhao and P.W. Carr, “A Comparative StudthefChromatographic Selectivity of Polystyrene-@dat
Zirconia and Related Reversed-Phase MateriAlsdl. Chem72, 302-309 (2000).

Abstract The chromatographic selectivities of polystyreoated zirconia (PS-Zephave been
investigated in detail by means of homologue sedt&mntion studies and studies of a variety of éap
aromatic positional isomers. This material hasmbmempared to polybutadiene-coated zirconia, ocidde
and phenyl-bonded silica, and polymer-based redgrhases. In addition, the separations of a wide
variety of compound classes on PS-Zu@re compared with those on other aromatic amthatic RPLC
phases. The PS-Zy@naterial exhibits substantial differences in sty toward nonpolar and polar
analytes as compared to other phases, especidiy@gpect to polybutadiene-coated zirconia (PBD,Xr
On PS-ZrQ, polynuclear aromatic hydrocarbons (PAHSs) areimethmuch more than are alkylbenzenes,
whereas on PBS-ZrQhe opposite is observed. In addition, PS-Zn@ much greater selectivity than
does PBD-ZrQfor the separation of structural isomers whiclfiedifn the position of phenyl groups. In
general, even though the carbon content of PS-&@uch lower than that of conventional revershdse
materials, such as octadecyl-bonded silica (C18)Spiolar analytes exhibit sufficient retention and
differential selectivity on PS-Zr{hat resolution comparable to that on C18-Sién be obtained but with
substantially improved analysis times.

60. B. Yan, J. Zhao, J.S. Brown, J. Blackwell ar\/PCarr, “High-Temperature Ultrafast Liquid
Chromatography,Anal. Chem72, 1253-1262 (2000).

Abstract A novel liquid chromatographic system which emstthigh temperature ultrafast liquid
chromatography (HTU-FLC) has been designed thrdhgltareful consideration of heat transfer, band
broadening, and pressure drop. Studies of thetesfdinear velocity on the HETP show that column
efficiency at high velocity, especially of well-aéhed solutes, dramatically improves at higher
temperatures. At 150°C, at a flow rate of 15 mL/mith a 5 cm by 4.6mm (i.d.) column packed with 3
micron polystyrene-coated zirconia porous partjdi®sg chain alkylphenones were completely resqglved
and the analysis time could be decreased by arfat&D compared to that at room temperature (2%t@)
conventional flow rate (4 mL/min). In addition,img pure water as the mobile phase, five phenote we
separated in less than 30 s.

77. R.A. Henry, “Highly Selective Zirconia-basedaBhs for HPLC ApplicationsAmerican Laboratory34(22),
18-25 (2002).

Abstract:Zirconia-based phases (Z-phases) for HPLC have &e&ilable for almost a decade, and are
finding a wide range of applicability because tlaey very complementary to silica-based phases (S-
phases) and often replace total-polymer phase$fi@Bes), particularly in reversed-phase (RP) apjits.

79a. P. He, Yu Yang, “Studies on the Long-Term TadrStability of Stationary Phases in Subcriticedtér
Chromatography”Journal of Chromatograph#, 989 55-63 (2003).

Abstract:The long-term thermal stability of five commerdyadvailable reversed-phase columns has been
evaluated under subcritical water conditions (106 850°C). The five columns included Zorbax RX-C8,
Nucleosil C18 AB, Hypersil BDS C18, PRP-1 (polyfstye-divinylbenzene)), and ZirChrom-PS
(polystyrene) columns. Retention factors, plate bers, and peak areas were monitored over a pralonge
period of time. Comparing the three silica-basddrons, the Zorbax RX-C8 column was the most stable
followed by the Nucleosil C18 AB column. The HypeBDS C18 column was the least stable under
subcritical water conditions. The ZirChrom-PS cofuwas stable at 100 °C for at least 7600 column
volumes. Of all five columns, the polymeric PRPeluenn was the most stable under subcritical water
conditions.

84a.L.J. Lamm, Yu Yang, “Off-Line Coupling of Suliical Water Extraction with Subcritical Water
Chromatography via a Sorbent Trap and Thermal [péisor’, Analytical Chemistry75, 2237-2242 (2003).

Abstract:In this study, the off-line coupling of subcritic@ater extraction (SBWE) with subcritical water
chromatography (SBWC) was achieved using a soitb@ntand thermal desorption. The sorbent trap was
employed to collect the extracted analytes durifgcatical water extraction. After the extractidhe trap
was connected to the sub-critical water chromafgyyaystem, and thermal desorption of the trapped
analytes was performed before the SBWC run. Therthky desorbed analytes were then introduced into
the subcritical water separation column and dedeloyea UV detector. Anilines and phenols were etad
from sand and analyzed using this off-line coupliechnique. Subcritical water extraction of flavene



from orange peel followed by subcritical water ahedographic separation was also investigated. The
effects of water volume and extraction temperaturéavone recovery were determined. Because a
sorbent trap was used to collect the extractedytamlthe sensitivity of this technique was greatly
enhanced as compared to that of subcritical watea&ion with solvent trapping. Since no organic
solvent-water extractions were necessary priontdyais, this technique eliminated any use of oigan
solvents in both extraction and chromatography gsees.

86a. E. Van Gyseghem, I. Crosiers, S. Gourvendc,dassart, Y. Vander Heyden, “Determining Orthogloand
Similar Chromatographic Systems from the InjectdiMixtures in Liquid Chromatography-Diode Array
Detection and the Interpretation of Correlation floients Color Maps,’Journal of Chromatographg, 1026
117-128 (2004).

Abstract:Generic orthogonal chromatographic systems mightddpful tools as potential starting points in
the development of methods to separate impuritiestiae active substance in drugs with unknown
impurity profiles. The orthogonality of 38 chromgtaphic systems was evaluated from weighted-average
linkage dendrograms and color maps, both basebebadrrelation coefficients between the retention
factors on the different systems. On each chronmmafddc system, 68 drug substances were injected as
mixtures of three or four components to increasehinoughput. The (overlapping) peaks were idertifi

and resolved with a peak purity algorithm, orthoggrojection approach (OPA). The visualization
techniques applied allowed a simple evaluationrtffagonal and (groups of) similar systems.

88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromataghy

Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC, Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss methezis] for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilab&ation of the surfaces do not form stable sufspfor
chromatography. On the other hand, the successlyier modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographigepties of polymer-modified surfaces of zirconia ar
discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

95c. R. Kuera, J. Sochor, J. Klime$ and J. Dohnal, “Use efaliconia-based Stationary Phase for Separation of
Ibuprofen and Its ImpuritiesJournal of Pharmaceutical and Biomedical Analy8i&(4), 609-618 (2005).

Abstract:A new reversed-phase liquid chromatographic metlsidg zirconia-based stationary phase was
developed for determination of ibuprofen, its rethtompounds and its main degradation products. The
chromatographic separation was successfully actiienethe Discove8Zr-PS column (150 mm x 4.6 mm
i.d., 5 m), using a mobile phase methanol-phosphate b{gfé.5; 0.05 M)—tetrahydrofurane (21:74:5,
v/viv) and the flow rate 0.5 ml min 1. The UV detean was performed in dual wavelength mode (219 and
258 nm) to detect all compounds of interest. THaroa temperature was set on 60 °C to shorten the
analysis time and improve the peak symmetry. Thihatkis simple, rapid and cuts down the amount of
hazardous waste produced in the analysis. The &ssampleted within 22 minutes.

95e. K. Soukupova, E. Krafkova, Jana Suchankovéaiwsaova, “Comparison of Zirconia- and Silica-based

Reversed Stationary Phases for Separation of Eakiepli Journal of Chromatography,A087(1-2) 104-111
(2005).

Abstract:In this study, the separation of biologically getpeptides on two zirconia-based phases,
polybutadiene (PBD)-ZrO2 and polystyrene (PS)-Zr&4%] a silica-based phase C18 was compared. Basic
differences in interactions on both types of phdsédo quite different selectivity. The retention
characteristics were investigated in detail usingrety of organic modifiers, buffers, and temperes.

These parameters affected retention, separatiaiegity, resolution and symmetry of peaks. Sepamati
systems consisting of Discovery PBD-Zr column arabite phase composed of a mixture of acetonitrile
and phosphate buffer, pH 2.0 (45:55, v/v) at 7&A@ Discovery PS-Zr with acetonitrile and phosphate
buffer, pH 3.5 in the same (v/v) ratio at 40 °C eveuitable for a good resolution of enkephalintezla
peptides. Mobile phase composed of acetonitrilegrasphate buffer, pH 5.0 (22:78, v/v) was appaipri

for separation of enkephalins on Supelcosil C1l8ostary phase.



100.C. Ovens, D. Sievwright and A.J. Silcock, “Ynal Retention Behaviour of 4-substituted Pipegdion
Polybutadiene and Polystyrene Coated Zirconia by @wison to Reverse Phase Siliciurnal of
Chromatography A1137(1) 56-62 (2006).

Abstract:The retention properties of a range of N-methygated N-des-methyl 4-substituted piperidines
on polybutadiene (PBD) and polystyrene (PS) coatetnia have been studied and compared to those of
Xterra RP18 and Genesis C18 silica. The effectuffieb type and pH are investigated with regarchio t
elution order on all three stationary phases. Ttange in the elution order is linked to the degree
substitution of the piperidine nitrogen and appé¢aise independent of the rest of the structuidicating

that this moiety is most heavily involved in thgpamtion mechanism on the zirconia phases.

101.V. ikovsky, R. Ku era and J. Klimes, “Potential Employment of Noresibased Stationary Phases in
Pharmaceutical AnalysisJournal of Pharmaceutical and Biomedical Analydi4(5), 1048-1055 (2007).

Abstract:The absolute majority of the HPLC applications sitiea-based columns for the separation of
active substance and its impurities. However, atatiy phases based on metal oxides appear as an
interesting alternative. The aim of our study wagwestigate the potential utilization of metaldecbased
stationary phases in analytical evaluation of osd&ion and its five pharmacopoeial impurities. dn o
study commercially available ZrO2-based columng.(&c-PBD, Zr-PS, Zr-C18) and TiO2-based column
were used. The effect of an organic modifier (tgpd ratio), a buffer (type, pH and concentratiamn) the
influence of temperature was investigated. Thersdjom of ondansetron and its five pharmacopoeial
impurities was successfully accomplished on a Zeni®-PBD column using a mobile phase consisting of
acetonitrile-ammonium phosphate (25 mM, pH 7.0}&28v/v). Detection was performed at 216 nm and
the analysis was completed within 7.5 min. The pgpeves metal oxide-based stationary phases as an
alternative to classical silica-based stationargsels in pharmaceutical analysis.

105.C.V. McNeff, B. Yan, D.R. Stoll, R.A. HenryReview: Practice and Theory of High Temperatureuldq
Chromatography,Journal of Separation Scienc#), 1672-1685 (2007).

Abstract:High temperature liquid chromatography (HTLC) ¢xis a temperature region beyond ambient
(ca. 40 C) and below super critical temperaturée gromises of HTLC, such as increased analysisdspe
enhanced separation productivity, “green” LC withigowater mobile phases coupled to universal FID
detection, and fast analysis of complex samplesdoybination with fast 2-D techniques, have become a
option for routine practice. The focus of this paiseto review the key developments that have ntade
application of HTLC a practical technique and detention to new developments in 2-D techniques tha
incorporate HTLC that offer an opportunity to vgsticrease the usefulness of HPLC for the analysis
complex samples.

111. R. Bagnati, G. Bianchi, E. Marangon, E. Zuoc® Fanelli, E. Davoli, “Direct Analysis of
Isopropylthioxanthone (ITX) in Milk by High-Performmce Liquid Chromatography/Tandem Mass Spectronietry
Rapid Communications in Mass Spectrome2fy 1998-2002 (2007).

Abstract A fast screening method is presented for detgétiapropylthioxanthone (ITX) contamination in
milk. The method is based on direct high-perfornedliguid chromatography/tandem mass spectrometry
(HPLC/MS/MS) analysis of milk samples. Sample prafian is limited to the addition of a deuterated
ITX solution in acetonitrile that serves both a®inal standard and to precipitate proteins. Thénatkis
highly accurate and sensitive. Isomeric specifialygses of 2-ITX and 4-ITX are possible at 6mg/Ldksv
with about 5% precision and accuracy. This apprdeshbeen used to check contamination in samgdes li
milk, soy milk, baby milk, in their packaging matdr Out of 37 milk samples analyzed, 16 were pasit
with concentrations ranging from 173—-439mg/L fdiT and from <6 (lower than limit of quantificatipn
to 25mg/L for 4-1TX.

114. M. Beldean-Galea, P. Jandera, S. Hodisangfi®enh and Separation Selectivity of Natural Phienol
Antioxidants on Zirconia Based Stationary Phasaaiirnal of Liquid Chromatography & Related Techryis
31, 807-818 (2008).

Abstract Many columns for reversed phase HPLC, based aragiiel, frequently used for separation of
natural antioxidants, have a limited thermal andspébility. In contrast, zirconium dioxide based
stationary phases have an extremely different seréhemistry and are chemically stable over a vade
of pH (1 to 14). Chromatographic properties asgediavith attractive and repulsive ionic interaciomere
investigated by measuring the retention data ohesic naphthalene disulphonic acids on three ziecon



based columns with carbon, carbon C18, and pokysgybonded stationary phases. A comparative study
on the retention behavior of natural antioxidanmtgzisconia based stationary phases is reportedrdsdts
suggest that zirconia based columns could be ssitdlysused for separation of natural phenolic
antioxidants.

118. P. Kalafut, R. Kucera, J. Klimes, J. Sochan Innovative Approach to the Analysis of 3-[4-(2-
methylpropyl)phenyl]propanoic Acid as an Impuritiylouprofen on a Carbon-Coated Zirconia StatiorRainase,”
Journal of Pharmaceutical and Biomedical Analydi8, 1150-1156 (2009).

Abstract 3-[4-(2-Methylpropyl)phenyl]propanoic acid hasepeintroduced as impurity F to the European
Pharmacopoeia in its Supplement 4.2. In contrasthier impurities, which are evaluated by HPLC, the
content of impurity F is determined by gas chrorgedphy after previous derivatization. Thus a novel
reversed-phase HPLC method was developed to sinthif evaluation of pharmacopoeial impurity F of
ibuprofen. Favourable properties of zirconia staiy phases were employed for this purpose. TheCHPL
separation was achieved on a Zr-CARB column (150th6mm i.d., 5 _m) using the mobile phase
acetonitrile—phosphate buffer (pH 3.5, 25mM) (38:%82), temperature 8QC and the flow rate

1.2mimin 1. The fluorescence detection was emplot@énhance the sensitivity of the method. Optimal
detection parameters were chosen on the basisat#cence spectra of the analytes. The excitatidn
emissionwavelengths were 220nm and 285 nm, respéctiThe analysiswas completed within 25 min.
The subsequent validation of the method confirnhedapplicability of method for the analytical assdy
impurity F.

121. L. Janeckova, K. Kalikova, Z. Bosakova, E.aFesa, “Study of Interaction Mechanisms on Zirceb&sed
Polystyrene HPLC ColumnJournal of Separation Sciencg3, 3043-3051 (2010).

Abstract:Separation systems with a zirconia-based polysg/HPLC column were characterized

by different approaches, which allowed the recagniof interactions participating in the separation
environments. Zirconia-based HPLC columns as amradtive to silica-based ones offer unique intéoact
mechanism based on Lewis acid—base theory. Belsidksphobic interactions with the modified surface
of the zirconia carrier it includes ionexchange Agand-exchange interactions that are helpfuhim t
separation of many bioactive compounds. Threertistipproaches were applied for description of the
complex separation mechanism. General chromatogrégsts by Walters, Engelhardt and Galushko were
applied to evaluate the fundamental properties®flystems — hydrophobicity and polarity. The caxpl
model of linear free energy relationship descritfedinteractions from the qualitative and quaritieat
points of view more in detail. Application of a s#tbasic compounds revealed the contribution of io
exchange interactions participating in the sepamatiystems.

lon-Exchange

11. J.A. Blackwell and P.W. Carr, "Ligand Excham@f@omatography of Free Amino Acids on Phosphated
Zirconium Oxide Supports,J. Liq. Chromatogrl5, 727-51 (1992).

Abstract Phosphated zirconium oxide particles loaded withper ions are a mechanically superior
alternative to resin based supports for ligand arge separations of amino acids. They show good
stability under acidic and alkaline conditions affibrd different selectivity than resin based exuajers.
Acidic amino acids are more strongly retained as piinase than on silica or resin based supportsadue
interactions with the underlying zirconia surfadéhese interactions occur despite rigorous phogphaf
the zirconia particle. The operational aspec@miino acid separations on this material are exaramel
compared to conventional resin based models.

12. J.A. Blackwell and P.W. Carr, "Role of Lewisiddase Processes in Ligand-Exchange Chromatography
Benzoic Acid Derivatives on Zirconium Oxidédhal. Chem64, 853-62 (1992).

Abstract Porous microparticulate zirconium oxide showsydifferent selectivities and pH dependencies
for the separation of benzoic acid derivatives thharronventional bonded-phase anion-exchange sigppor
This results from a very significant ligand-excharogntribution to the retention of hard Lewis bases

the surface of transition-metal oxide supports. Wiee found that the capacity factors of a widéetgrof
derivatives of benzoic acid are closely correlatdtti their Bronsted acidities. The eluent pH iscah

critical factor in determining the magnitude of ttepacity factor, but it does not have much infkeean
chromatographic selectivity. The differential stieity of this phase in comparison to conventional



polymeric and bonded-phase anion exchangers cattrifmited to complexation and steric effects which
profoundly alter the elution patterns of certaifuses.

22. C. McNeff, Q.H. Zhao, and P.W. Carr, "High-Peniance Anion-Exchange of Small Anions with
Polyethyleneimine Coated Porous Zirconih,Chromatogr A 684, 201-11 (1994).

Abstract The preparation and chromatographic charactésizaf an ion-exchange high-performance
liquid chromatographic support by deposition anmsstinking of polyethyleneimine (PEI) on the sugac
of porous zirconia is described. Adsorption andp®ration methods were used for coating PEI orgo th
zirconia particles. These two stationary phase® wempared by elemental analysis, ion-exchange
capacity and by chromatography. High efficiencyg good selectivity were observed for inorganic and
organic anions. The addition of a strong, hard ikdwase to the mobile phase dramatically improted t
peak shape and efficiency péra benzoic acid derivatives. PEIl-coated zirconiangaba distinct elution
sequence for organic anions when compardzhte zirconia or silica-based phases. The polyamirs¢erb
zirconia was stable over a pH range from 2.75 t&®w studies, using nitrite as a probe soluteysid
that both coating procedures produced packed cadumith good mass-transfer properties.

26. C. McNeff and P.W. Carr, "High-Performance Aniexchange Chromatography of Oligonucleotides and
Oligodeoxynucleotides on Quaternized PolyethylemerCoated Zirconia,Anal. Chem67, 2350-3 (1995).

Abstract The use of porous, quaternized polyethyleneinco&ted zirconia particles for the separation of
nucleosides, nucleotides, oligonucleotides, angbdiéoxynucleotides is described. Separationsesth
biomolecules on quaternized PEI-zirconia are ptesenQuaternized PEI-zirconia and a quaternaryami
functionalized silica are compared chromatograplyicaQuaternized PEI-zirconia was able to separat
oligonucleotides and oligodeoxynucleotides diffgrin length by a single nucleotide unit. It coaldo
separate RNAs of the same length but differing tily one deoxynucleotide. In contrast, the silicesdx
phase was unstable at elevated temperatufeQY,5and all retention toward anions was lost qrafsdly.

31. C. McNeff and P.W. Carr, "Synthesis and Us®oéternized Polyethyleneimine-Coated Zirconia fagh-
Performance Anion-Exchange Chromatograplyal. Chem67, 3886-92 (1995).

Abstract The synthesis of an alkali-stable strong aniochexige stationary phase by deposition of
polynethylenimine (PEI), followed by cross-linkiagd quaternization, onto porous zirconia partisle i
described. Physical characterization of quatethREl-zirconia and PEI-zirconia shows that 50% and
24% of the amine groups are cross-linked, respalgtivA plot of logk’ versus log (competing ion
concentration) is linear for three homopeptideggssting that ion exchange is the primary mechanism
retention on quaternized PEI-zirconia. Columnoédficy for two 2,4-dinitrophenyl amino acids incsed
by 80% upon increasing the temperature froniG@o 100°C. The hydrophobicity of quaternized PEI-
zirconia was studied using a homologous serigsalkoxybenzoic acids. For quaternized PEIl-zirconia
and PEl-zirconia, we found that the free energyyarisfer of a methylene unit from the mobile phasthe
stationary phase was —2.0 and —0.90 kJ/mol, raspéct The free energy of transfer of a methylené
on quaternized PEI-zirconia is similar to that afjpical ODS phase (-2.4 kd/mol). A van't Hoff pfor
the above two 2,4-dinitrophenyl amino acids shoted the enthalpies of transfer are exothermic and
fairly large (~ -14 kJ/mol). Isocratic separatimmsquaternized PEI-zirconia of inorganic and oifgan
anions are presented. Quaternized PEI-zirconi@i® efficient than the silica-based phase in the
separation of benzoic acid derivatives but slighahs efficient than PEI-zirconia. The major vértof
guaternized PEI-zirconia is that it is chemicaligide in the pH range of 1-13 and is also stable at
temperatures up to 10C.

47. AM. Clausen and P.W. Carr, “Chromatographiai@hterization of Phosphonate Analog EDTA-Modified
Zirconia Support for Biochromatographic ApplicatsghAnal. Chem70, 378-85 (1998).

Abstract Zirconium dioxide (zirconia) has a great affinfty inorganic and organic phosphate. Previous
work from is laboratory demonstrated the utilitypdfosphate-modified microparticulate zirconia as a
support for protein separations. We have extemliednvestigation to include the study of
ethylenediamine-N,N’-tetramethylphosphonic acid {ER), a phosphonate analog of EDTA, as a surface
modifier for zirconia. Our work explores the useE®@ TPA-modified zirconia (PEZ) for its potentiade

as a high-performance inorganic cation-exchangpatifior the separation of proteins. The phosphate
groups in EDTPA very effectively block the sitespensible for strong interactions of hard Lewisdsas
with zirconia’s surface. Modification of zirconigith EDTPA provides a “biocompatible” stationary
phase, resulting in high mass recoveries of preteive compare PEZ with inorganic phosphate-matiifie



zirconia to show increased efficiency, as well aisjue selectivities for chromatography of proteinsthe
chelator-modified surface. Finally, the selectiyvifficiency, and separation mechanism are regoriehe
studies show the PEZ is a useful high-performaoneexchange support for the separation of cationic
proteins and for modulating the sites responsitietfe high affinity of zirconia toward certain stes of
anions.

49. Y. Hu and P.W. Carr, “Synthesis and Characition of New Zirconia-Based Polymeric Cation-Exapan
Stationary Phases for High-Performance Liquid Clatmgraphy of ProteinsAnal. Chem70,1934-42 (1998).

Abstract lon-exchange chromatography is a major method fmelarge-scale protein separations. New
zirconia-based polymeric cation-exchange HPLC atatiy phases have been developed for protein
separations. Two routes were employed for thehggais. In one method, polyethyleneimine (PEI) was
adsorbed onto porous zirconia particles and cioked with 1,4-butanediol diglycidyl ether (BUDGE).
Succinic anhydride was then reacted with the remgiprimary and secondary amine groups on PEI to
afford anionic functionalities. The second methtitizes poly9acrilic acid) anhydride as both thess-
linker and the stationary phase. The resultingostary phases act to separate proteins by a wa#ine
exchange mechanism with a slight contribution temon from hydrophobic interactions. In the s
of 20 mM phosphate buffer, Lewis acid/base intéoastbetween the zirconia support and the proteins,
which can significantly broaden the peaks, arei@efitly suppressed. The effects of ionic strength
mobile phase pH and slat type are discussed. iRmigss recovery and loading capacity for protein
separations on these phases have been evaludiede Weak cation-exchange stationary phases exhibit
good stability under normal separation conditiaarsnionths and are stable in alkaline solution upHo
10. In contrast to zirconia supports modified vdthall anionic species, these new phases have no
limitation on the type of salt used as the eluant] they exhibit unique selectivities. Therefahey offer
interesting alternatives for protein separatiofis.our knowledge, this work represents the firsicessful
example of protein separations using porous ziezbaised polymeric phases under normal
chromatographic conditions, which will definitelglp make zirconia-based supports more useful for
bioseparations.

56. C.V. McNeff, Q. Zhao, E. Almolof, M. FlickingeP.W. Carr, “Synthesis and Use of Quaternized Agtlonia
for the Efficient Removal of Endotoxins from Praig” Anal. Biochem.274, 181-187 (1999).

Abstract The synthesis and use of a zirconia-based, adkallile strong anion-exchange stationary phase
are described for the removal of pyrogenic lipopalicharides (LPS) from insulin. The strong anion-
exchange material is produced by deposition ofgthlgleneimine (PEI) onto porous zirconia particles,
followed by cross-linking with a novel reagent, -bj2-(2-iodoethoxy) ethane, and quaternization with
iodomethane. Physical characterization of the clatographic support shows that it has an ion-exahang
capacity of 0.6 mmol/g, and 82% of the amine siteshe surface are in quaternized form. Isocratitan
of small benzoic acid derivatives shows good col@fiiciency. The two primary virtues of this materi
are its chemical stability under alkali conditiqap to pH 13) and its lower hydrophobicity compated
previously described alkali-stable PEI-coated zifasupports cross-linked with 1,10-diiododecargngl
this new zirconia-based phase, a purification prot@s developed for the efficient removal of Esttigia
coli 0111:B4 LPS from bovine insulin samples. Amletoxin clearance rate of up to 1.3 x 108 was
attained. Endotoxin levels were reduced to less fhandotoxin units/ml even at initial contaminatio
levels as high as 5.0 x 8@ndotoxin units/ml. Furthermore, endotoxin adsdrtwethe porous zirconia
column may be easily remove (depyrogenated) uskadi for repeated purification cycles.

56c¢. A. Mullick and M.C. Flickinger, “Expanded Bédisorption of Human Serum Albumin from Very Dense
Saccharomyces cerevesiae Suspensions on Fluoriddi®tbZirconia,”Biotechnology and Bioengineering
Vol. 65, 282-290 (1999).

Abstract The adsorption of proteins from high cell densigast suspensions on mixed-mode fluoride-
modified zirconia (FmZr) particles (38 to 75 umrfage area of 29 ffy and density of 2.8 g/chhwas
investigated using human serum albumin (HSA) addeshccharomyces cerevesiae as the model
expression host. Because of the high density optiieus zirconia particles, HSA (4 mg/mL) can be
adsorbed from a 100 g dry cell weight (DCW)/L yesstpension in a threefold-expanded bed of FmZr.
The expanded bed adsorption of any protein fromspension containing >50 g DCW/L cells has not been
previously reported. The FmZr bed expansion charestics were well represented by the Richardsdki-Za
correlation with a particle terminal velocity ofl3nm/s and a bed expansion index of 5.4. Expanddd b
hydro-dynamics were investigated as a functioneaf &xpansion using residence time distributionistud
with sodium nitrite as the tracer. The adsorptibRISA on FmZr exhibited features of multicomponent



adsorption due to the presence of dimers. The iprbteding capacity at 5% breakthrough decreasmah fr
22 mg HSA/mL settled bed void volume for 20 g DCW#&ast to 15 mg HSA/mL settled bed void volume
for 40 g DCWIL yeast and remained unchanged fohtgker yeast concentrations (60 to 100 g DCW/L).
However, the batch (or equilibrium) binding capadiecreased monotonically as a function of yeast
concentration (20 to 100 g DCW/L) and the bindiagacity at 100 g DCW/L yeast was fivefold lower
compared with that at 20 g DCW/L yeast. The lowsich binding capacity at high cell concentrations
resulted from the adsorption of cells at the swfafthe particles restricting access of HSA to the
intraparticle surface area. Batch (or equilibritanyl column HSA adsorption results indicated that th
adsorption of HSA on FmZr occurred at a time stiad¢ may be much faster than that of yeast celis. T
zirconia particles were cleaned of adsorbed HSAyaadt with a total of 1500 to 2000 column volumes
(over many cycles) of 0.25 M NaOH, without any sfigant effect on the chromatographic performance.

63. J. Zhao, P.W. Carr, “Quaternized Trimethylaatéa Polystyrene-Coated Zirconia as a Strong ARkichange
Material for HPLC,” Anal. Chem72, 4413-4419 (2000).

Abstract The synthesis and characterization of a new,-btdge, strong anion exchange phase by
amination of polystyrene-coated zirconia (PS-gr&e described. Even though the ion exchangecigpa
of the quarternized trimethylaminated PS-Z(QTMA-PS-ZrG,) is only 0.07 mequiv/g, it is able to
separate various inorganic anions, benzoic acidateres, and nucleotides in their deprotonatetesta
The effects of ionic strength, eluent pH, and ceriah type are discussed. In the presence of both
phosphate and fluoride ions in the eluent, banddeaing caused by Lewis acid/base interactionsdmiw
zirconia and analytes is greatly suppressed. Tikedwetention modes (ion exchange, hydrophobic
interaction, and Lewis acid/base interactions) GMa-PS-ZrO, offer a different selectivity toward
various anionic analytes than do other zirconiarmozirconia-based ion exchangers.

74. Y. Hu, X. Yang and P.W. Carr, “Mixed-mode Resgxt-phase and lon-exchange Separations of Cationic
Analytes on Polybutadiene-coated Zirconidgurnal of Chromatograph#, 968 17-29 (2002).

Abstract:The retention and selectivity of the chromatogiegleparation of basic (cationic) analytes on a
polybutadiene-coated zirconia (PBD-ZrQ2) statiorngse have been studied in greater detail than in
previous studies. These separations are stronfijilieiced by the chemistry of the accessible surfdice
zirconia. In the presence of buffers which contand Lewis bases (e.g., phosphate, fluoride, catlmox
acids) zirconia's surface becomes negatively cldadge to adsorption of the buffer anion at the hard
Lewis acid sites. Consequently, under most conhiti@.g., neutral pH), cationic analytes undergh bo
hydrophobic and cation-exchange interactions. Thied-mode retention process generally leads to
greater retention factors for cations relativehose on silica-based reversed phases despitevtiee lo
surface areas of the zirconia phase, but, moreritapily, adsorption of hard Lewis bases can be trsed
control the chromatographic selectivity for catmanalytes on these zirconia-based stationary phase
contrast to our prior work, here we show that wiréxed-mode retention takes place, both retentia@h an
selectivity are easily adjusted by changing thetgphard Lewis base buffer anion, the type of &uff
counter-ion (e.g., sodium, potassium, ammoniung ptH, and the ionic strength of the eluent as a=l|
the type and amount of organic modifier.

81. X.Yang, J. Dai, P.W. Carr, “Analysis and @ti Comparison of the Reversed-phase and lon-egehan
contributions to Retention on Polybutadiene Coaliecbonia and Octadecyl Silane Bonded Silica Phases,
Journal of Chromatograph#, 996 13-31 (2003).

Abstract:The two major modes of retention of basic compatindeversed-phase liquid chromatography
on both octadecyl silane bonded silica-based (Cib8)polybutadiene coated zirconia (PBD-ZrO2)
materials are hydrophobic and ion-exchange (Couiohnitteractions. Although the influence of revetse
phase and Coulombic interactions on the chromapdgraf organic cations is qualitatively well
recognized, the quantitative relationship betwegirdphobic and ion-exchange interactions remains
unclear. In this work, the retention mechanism$aoth of the above types of phases were probed by
studying the retention of a homologous serieg-alkylbenzylamines as a function of the ammonium
concentration in the eluent. The various columstetéwere studied in terms of plots of retentiaidavs.
the inverse of the displacing cation concentratidre analysis of such plots as well as plots ofdogs.
number of methylene groups in the solutes and pioleg k' vs. log[NH4+] clearly shows that at least two
types of sites - a pure reversed-phase site ahgdxdphobically-assisted ion-exchange site” simitathe
type of site described by Neue [J. Chromatogr. B @001) 49] are needed to explain the observations
addition, we have found a quantitative measur&efélative amount of reversed-phase and ion-exgghan
interaction on a given solute has on a given statip phase which allows unambiguous classificabion



columns. It is now clear that ion-exchange contidns to retention on PBD-ZrO2, sometimes exceeding
90%, are even more important than previously thbagi relative to hydrophobic interaction much more
significant on PBD-ZrO2 than on ODS type-B silicas.

82a.J. Dai, X. Yang, P.W. Carr, "Comparison of@eomatography of Octadecyl Silane Bonded Silivé a
Polybutadiene-Coated Zirconia Phases Based onexd&i\Get of Cationic DrugsJburnal of Chromatography
A, 1005(1-2) 63-82 (2003).

Abstract:In this study, we compare the separation of bdigs on several octadecyl silane bonded silica
(ODS) phases and a polybutadiene-coated zirco®{ZrO2) phase. The retention characteristics were
investigated in detail using a variety of catiodiags as probe solutes. The ODS phases were sktecte
cover a relatively wide range in silanol activitydawere studied with ammonium phosphate eluenisiat
3.0 and 6.0. Compared to any of the ODS phase&Bie-ZrO2 phase showed very significant differences
in selectivities towards these drugs. Due to tlesg@nce of both reversed-phase and ion-exchange
interactions between the stationary phase andakie lanalyte on ODS and PBD-ZrO2, mixed-mode
retention takes place to some extent on both tgpphases. However, very large differences in étative
contributions from ion-exchange and reversed-phaseactions on the two types of phases led toequit
different selectivities. When phosphate is pregettte eluent and adsorbs on the surface, the PBD2-Z
phase takes on a high negative charge over a idamge due to phosphate adsorption on its surface.
ODS phases, ion-exchange interactions result franirtteractions between protonated basic compounds
and ionized residual silanol groups. Since the pthe eluent influences the charge state of thansil
groups, the ion-exchange interactions vary in gfitedepending on pH. At pH 6.0, the ion-exchange
interactions are strong. However, at pH 3.0 theerchange interactions on ODS are significantlylEna
because the silanol groups are less dissociatie &dwer pH. Thus, not only are the selectivioéshe

ODS and PBD-ZrO2 phases different but quite diffeteends in retention are observed on these tpesty
of phases as the pH of the eluent is varied. Mogortantly, by using the large set of "real" basialytes
we show the extreme complexity of the chromatodi@aptocesses on the reversed stationary phases. Bot
the test condition and solute property influeneedblumn performance. Therefore, use of only onsvor
probe solutes is not sufficient for column ranking.

Bioseparation and Proteins

6. J.A. Blackwell and P.W. Carr, "Fluoride-Modifi@iconium Oxide as a Biocompatible Stationary Rhias
High-Performance Liquid Chromatography,"Chromatogr549, 59-75 (1991).

Abstract Previously we found that porous microparticulziteonium oxide strongly adsorbs fluoride from
aqueous solutions. The adsorption is due in Ipegeto a Lewis acid-base interaction between
coordination sites on the zirconium oxide surfaoce #uoride. The resulting complex is very stable
relative to many other species and therefore ftleois hard to displace. The chromatographic ptaseof
small molecules and proteins on zirconium oxiddigias when fluoride is present in the mobile phiase
investigated in this work. In the presence of fide, zirconium oxide is a very biocompatible adeont,

the selectivities of which are analogous to thdseatcium hydroxyapatite. The effect of fluorigevery
reproducible even after the adsorbed fluorideriped by strong base and regenerated in fludridéer.

7. D.W. Karl, J.C. Magnusson, P.W. Carr, and Melitkinger, "Preliminary Assessment of Removal of
Pyrogenic Lipopolysaccharides with Colloidal Zirc@@dsorbents,Enzyme Microb. Techndl3, 708-15
(1991).

Abstract Preliminary evaluation of bare or polymer-coatetioidal monoclinic zirconia of nominal
particle size 100 nm indicated that it is an effecadsorbent for pyrogenic lipopolysaccharides3).Bs
measured by chemical and Limulus amebocyte lysaie)(assays. Zirconia at 58y mI* adsorbed
99.95% of added E. coli 0128 LPS. Residual LP8l&kelow 0.1 ng riflwere easily attained. Colloidal
zirconia was able to remove LPS from solution im pihesence of bovine serum albumin BSA). Some LPS
contaminating BSA lacked affinity for zirconia. eRidsorption of phosphate onto bare zirconia blocked
LPS adsorption. However, phosphated-oligomericigiyl (epoxy) pentaerythritol-coated colloidal
zirconia could be derivatized with imidazole-contag ligands to produce an LPS-binding surface.
Preliminary results of adsorption of LPS by thetedgarticles indicated a reduced level of LPS inigd
compared to bare zirconia, probably because thelesraggregated during the derivatization process
reducing the effective surface available for LPSaagtion.




10. W.A. Schafer, P.W. Carr, "Chromatographic @btarization of a Phosphate Modified Zirconia Supar
Bio-chromatographic Applications). Chromatogr587, 149-60 (1991).

Abstract A phosphate-modified zirconia was investigatedit®potential use as a high-performance
inorganic cation-exchange support for the separaifgroteins. This phosphate modification effesly
blocks the sites responsible for the strong intéyas of certain Lewis bases with the zirconia acef It
provides a more “bio-compatible” stationary phassulting in high recoveries for proteins and enegm
and retention of their enzymatic activity. Thebdity, loading capacity, selectivity, efficiencyd
separation mechanism on the phosphate-modifiedraacare reported. These studies have shown that
phosphate-modified zirconia is a useful high-parfance ion-exchange support for the separation of
cationic proteins and for blocking the sites resilole for the high affinity of zirconia towards t&n
anions. This makes the phosphate modificationésteng in its own right and as an intermediatgestar
the development of other zirconia-based chromafiigcasupports.

14. J.A. Blackwell and P.W. Carr, "Ligand Exchatigj@omatography of Free Amino Acids and Proteins on
Porous Microparticulate Zirconium Oxidel!' Liq. Chromatogr15(9), 1487-1506 (1992).

Abstract The Lewis acid sites present on the underlyimgariium oxide particles are responsible for the
unusual elution sequence for amino acids on cofipdoaded, phosphated zirconium oxide supports
reported in an earlier study. To more thoroughigreine the effect of these strong Lewis acid sites,
have studied ligand exchange chromatography onerqplp loaded zirconium oxide particles. It isosim
here that carboxylate functional groups on amind sclutes strongly interact with surface Lewisdaci
sites. Addition of competing hard Lewis basedhodluent attenuates these specific interactidhe
result is a chromatographic system with high seligtwhich is also suitable for ligand exchange
chromatography of proteins.

15. J.A. Blackwell and P.W. Carr, "lon- and LigaBgehange Chromatography of Proteins Using Porous
Zirconium Oxide Supports in Organic and Inorganémiis Base Eluents,). Chromatogr596, 27-41 (1992).

Abstract The applicability of an eluotropic scale pertampito the desorption of low molecular weight
Lewis base solutes from zirconium oxide is examifoedts ability to rationalize the retention ofgteins
on this substrate. The strongest Lewis base edphbsphate and fluoride) are able to bring abluton
of nearly all proteins provided that their initrabbile phase concentration almost saturates thenedu
adsorption isotherm. In contrast, weaker Lewiebasich as borate, sulfate and bromide are aklet®
only those proteins which are retained primarilyidnyic interactions. In weak eluents, proteing tha
contain a large number of accessible Lewis bass aite not eluted from the support. The effeabmit
strength and a variety of Lewis base eluents wiseexamined.

16. P.W. Carr, J.A. Blackwell, T.P. Weber, W.A. 8fdr, and M.P. Rigney, "Zirconium Oxide Based Suppfor
Biochromatographic Applications," @hromatography in Biotechnolog¢. Horvath and L.S. Ettre, (Eds.),
ACS Symposium Series No. 529, 146-64 (1993).

Abstract Porous microparticulate zirconium oxide is anedbent alternative to silica-based and
functionalized organic resin-based supports forséaration of biomolecules. The complex surface
chemistry of this chemically and physically stablgport can be exploited in a number of ways ttdyie
biocompatible surfaces with unique selectivitidseatment of the particles with phosphoric acidvests
the amphoteric metal oxide surface to an efficeation exchanger. When using the bare partidhes, t
Lewis acid-base interactions between the surfaceium (1V) ions and Lewis base solutes can be
controlled by the use of competing eluent Lewiselsas give a novel ligand exchange support.

21. M.H. Glavanovich and P.W. Carr, "Easily Regahér Affinity Chromatographic Zirconia-Based Suppwith
Concanavalin A as a Model Liganddhal. Chem66, 2584-9 (1994).

Abstract The goal of this work was to develop a generigrapch for producing affinity chromatographic
columns which can be regenerated. Concanavalin &Dowas immobilized adsorptively by an in situ
method onto a zirconium dioxide (zirconia) chronggphic support and used to resolve chromophoyicall
labeled monosaccharides. The Con A was then retnivom the zirconia by flushing with base. The
same column was regenerated by applying a freghatlof Con A. This cycle was repeated severadsim
to demonstrate consistency in the loading capagitithe stability of the underlying zirconia sugpor
Finally we used glutaraldehyde to cross-link then@ato increase the long-term stability of the eofu



Hydrolyzing the protein with acid allowed it to bemoved under alkaline conditions and the column
regenerated simply by adding more Con A followedjhyaraldehyde cross-linking.

23. J Nawrocki, C.J. Dunlap, P.W. Carr, and J.AadBlvell, Review, "New Materials for Biotechnology:
Chromatographic Stationary Phases Based on Zir¢dBietechnol. Prog10, 561-73 (1994).

Abstract This review explores the usefulness of zircoraadnl materials in separations in biotechnology.
The physical and chemical properties of zirconadiscussed briefly to familiarize the reader wfth
advantages of zirconia. The use of native zircanthen examined, with a study of the Lewis ac@géh
chemistry that defines chromatography with zircoriiéodification of the zirconia surface with small
molecules is then discussed. Finally, polymereodairconia materials are examined. Examples of
separations using these various-materials are shdwa advantages and disadvantages of each @f thes
materials are presented.

26. C. McNeff and P.W. Carr, "High-Performance Aniexchange Chromatography of Oligonucleotides and
Oligodeoxynucleotides on Quaternized Polyethylema#nCoated Zirconia,Anal. Chem67, 2350-3 (1995).

Abstract The use of porous, quaternized polyethyleneincio&ted zirconia particles for the separation of
nucleosides, nucleotides, oligonucleotides, angbdiéoxynucleotides is described. Separationsesth
biomolecules on quaternized PEI-zirconia are ptesenQuaternized PEI-zirconia and a quaternarypami
functionalized silica are compared chromatograplyicaQuaternized PEI-zirconia was able to separat
oligonucleotides and oligodeoxynucleotides diffgrin length by a single nucleotide unit. It coaldo
separate RNAs of the same length but differing ly one deoxynucleotide. In contrast, the silieesdd
phase was unstable at elevated temperatufeQY,5and all retention toward anions was lost qrafsdly.

27. L. Sun and P.W. Carr, "Mixed-Mode RetentiorPeptides on Phosphate-Modified Polybutadiene-Coated
Zirconia," Anal. Chem67, 2517-23 (1995).

Abstract Zirconia HPLC packing materials were found topm¢entially advantageous for large scale
protein separations due to their excellent pH Btalaeind mechanical stability. However, Lewis asites
on zirconia’s surface cause irreversible adsorptifgproteins due to their interactions with hardvise
bases such as the carboxyl groups in proteindhoAgh the Lewis acid sites can be effectively bémtky
adsorbing phosphate ions onto zirconia’s surfacg#ems and peptides cannot be eluted using adlpic
reversed-phase mobile phase. In this work, weddhat the separation of peptides on a phosphate-
modified polybutadiene-coated zirconia (PBD-Zy@an be brought about by using a mobile phase
containing both an organic modifier and a high @mniation of sodium perchlorate. The salt is ndede
cancel the coulombic interactions between negatigkarge stationary phase and the positively cliarge
proteins. To understand the retention mechanispraiéins and peptides on phosphate-modified PBD-
Zr0O,, this work was aimed at the study of the surfdeacteristics of the phosphate-modified Zr@e
found that the phosphate-modified Zrghase has both reversed-phase and cation-exchbhaggeteristics
under the acidic mobile-phase conditions used ffotgins and peptide separations. The PBD coating
provides hydrophobic moieties, and the phosphate émlisorbed on zirconia’s surface provide cation-
exchange sites. Reversed-phase separation otid@sfandard mixture and cation-exchange separafio
a cationic peptide standard mixture on the samspiete-modified PBD-ZrEcolumn shows excellent
column resolution in both modes. Although mixedematationary phases provide unique selectivity, th
secondary equilibrium on phosphate-modified PBD-Zzén cause peak broadening. Applications of the
phosphate-modified PBD-Ze@o peptide separations are demonstrated here.

30. L. Sun and P.W. Carr, "Chromatography of Pnstélsing Polybutadiene-Coated Zirconiarial. Chem67,
3717-21 (1995).

Abstract Polybutadiene-coated zirconia (PBD-ZyOvhen used as a stationary phase in conjunctitin w
a mobile phase containing phosphates, constitutegeised-phase/cation-exchange mixed-mode
chromatographic system. The separation of protinthis phase can be achieved only through thetuse
mobile phases containing the correct combinatiophaisphoric acid, displacing salt and organic cosutl
We found thaexcessiveoulombic interactions between proteins and tatastary phase impair the
system performance for the separation of proteirse effects of mobile phase conditions on the
separation on proteins using phosphate-adsorbedZ&BpPare studied in this work. Factors such as the
presence of a multivalent cation, mobile phasegitésphate concentration, and slat concentratiorbean
manipulated to reduce the new negative charge@msutace and thereby improve the performanceeof th
system toward the separations of proteins.



33. C.J. Dunlap and P.W. Carr, “The Effect of Melfilhase on Protein Retention and Recovery Using Car
boxymethyl Dextran-Coated Zirconia Stationary Pkask Lig. Chrom. & Relat. Techndl9, 2059-76 (1996).

Abstract We have examined the effect of mobile phase ¢mmdi on the elution and recovery of proteins
from a carboxymethyl dextran coated zirconia statiyg phase. Mobile phases containing the Lewisdas
phosphate and fluoride were examined as a funcfi@oncentration. We found that proteins only etut
from the stationary phase when some minimum conao of Lewis base was present in the mobile
phase. The effect of ionic strength was also erachi We found that a fairly high ionic strengtiméeded
to elute the proteins with good recovery. The emtiations of the Lewis bases and the ionic strengt
needed to elute the proteins depended on the idefitihe protein and the Lewis base. The pH ef th

mobile phase also plays a role; when the pH oftlstem is below the isoelectric point of a protéirs
difficult to elute that protein.

36. C.J. Dunlap and P.W. Carr, “Synthesis and Chtographic Characterization of Dextran-Coated ZiradHigh
Performance Liquid Chromatographic Stationary Psi&se Chromatogr. A746,199-210 (1996).

Abstract Porous zirconia particles made by the oil emul¢i©E) method and the polymerization-induced
colloid aggregation (PICA) method have been coatighl a small, carboxymethylated (~5%) dextran
polymer and crosslinked in place. The parametktiseocoating process (dextran concentration, gudisor
time and crosslinker concentration) have all beeméned and an optimum value for each determined.
The coated and uncoated materials were charaddrizeitrogen sorptometry and size-exclusion
chromatography (SEC) using solutes (polystyrenesdaxtrans) of well-defined molecular masses.
Nitrogen sorptometry results show that the PICAariat has a much lower pore volume and smaller pore
diameter than do the OE materials. Despite thisgtution volumes of the SEC probes change veky li
upon polymer coating the PICA material while the @&terial shows a very large change upon coating.

47. A.M. Clausen and P.W. Carr, “Chromatographiei@hterization of Phosphonate Analog EDTA-Modified
Zirconia Support for Biochromatographic ApplicatsghAnal. Chem70, 378-85 (1998).

Abstract Zirconium dioxide (zirconia) has a great affinfoy inorganic and organic phosphate. Previous
work from is laboratory demonstrated the utilitypdfosphate-modified microparticulate zirconia as a
support for protein separations. We have exteiitisdnvestigation to include the study of
ethylenediamine-N,N’-tetramethylphosphonic acid {ER.), a phosphonate analog of EDTA, as a surface
maodifier for zirconia. Our work explores the useE®@ TPA-modified zirconia (PEZ) for its potentiade

as a high-performance inorganic cation-exchangpatifior the separation of proteins. The phosphate
groups in EDTPA very effectively block the sitespensible for strong interactions of hard Lewisdsas
with zirconia’s surface. Modification of zirconigith EDTPA provides a “biocompatible” stationary
phase, resulting in high mass recoveries of preteive compare PEZ with inorganic phosphate-matlifie
zirconia to show increased efficiency, as well aisjue selectivities for chromatography of proteinsthe
chelator-modified surface. Finally, the selectiyvifficiency, and separation mechanism are redoriehe
studies show the PEZ is a useful high-performaoneexchange support for the separation of cationic
proteins and for modulating the sites responsitietfe high affinity of zirconia toward certain stes of
anions.

52. A.M. Clausen, A. Subramanian, and P.W. Cangiffeation of Monoclonal Antibodies from Cell Culte
Supernatants Using a Modified Zirconia Based Caligohange Support,J. Chromatogr. /831,63-72
(1999).

Abstract A method suitable for the isolation of monocloratibodies (Mabs) is described. The protocol
utilizes a zirconia based column modified with éemgdiamineN,N-tetra(methylenephosphonic) acid to
create a novel cation-exchange chromatographicsstipmitial experiments using a linear salt geadi
demonstrate the ability of this support to effidigrseparate Mab from transferrin and bovine serum
albumin in a model matrix. Results of the purifioa of Mab from an actual cell culture supernaiarer

a range in protein concentrations are also shoMwralyses by enzyme-linked immunosorbent assay and
gel electrophoresis demonstrate that Mabs candmeeeed from a cell culture supernatant at higldyie
(92-98%) and high purity (>95%) in a single chrooggtiphic step.

56. C.V. McNeff, Q. Zhao, E. Almolof, M. FlickingeP.W. Carr, “Synthesis and Use of Quaternized Akelonia
for the Efficient Removal of Endotoxins from Pratgl’ Anal. Biochem.274, 181-187 (1999).



Abstract The synthesis and use of a zirconia-based, adkallile strong anion-exchange stationary phase
are described for the removal of pyrogenic lipopalicharides (LPS) from insulin. The strong anion-
exchange material is produced by deposition ofgtblyleneimine (PEI) onto porous zirconia particles,
followed by cross-linking with a novel reagent, -bj2-(2-iodoethoxy) ethane, and quaternization with
iodomethane. Physical characterization of the clatographic support shows that it has an ion-exahang
capacity of 0.6 mmol/g, and 82% of the amine siteshe surface are in quaternized form. Isocratitan
of small benzoic acid derivatives shows good col@fficiency. The two primary virtues of this matdri
are its chemical stability under alkali conditiqap to pH 13) and its lower hydrophobicity compated
previously described alkali-stable PEI-coated zifasupports cross-linked with 1,10-diiododecangny
this new zirconia-based phase, a purification prot@s developed for the efficient removal of Esttigia
coli 0111:B4 LPS from bovine insulin samples. Amletoxin clearance rate of up to 1.3 x 108 was
attained. Endotoxin levels were reduced to less thandotoxin units/ml even at initial contaminatio
levels as high as 5.0 x 4@ndotoxin units/ml. Furthermore, endotoxin adsdrtwethe porous zirconia
column may be easily remove (depyrogenated) uskadi for repeated purification cycles.

56¢. A. Mullick and M.C. Flickinger, “Expanded Bédisorption of Human Serum Albumin from Very Dense
Saccharomyces cerevesiae Suspensions on Fluoriddi®tbZirconia,”Biotechnology and Bioengineering
Vol. 65, 282-290 (1999).

Abstract The adsorption of proteins from high cell dengigast suspensions on mixed-mode fluoride-
modified zirconia (FmZr) particles (38 to 75 umrfage area of 29 ffy and density of 2.8 g/chhwas
investigated using human serum albumin (HSA) addeshccharomyces cerevesiae as the model
expression host. Because of the high density optiieus zirconia particles, HSA (4 mg/mL) can be
adsorbed from a 100 g dry cell weight (DCW)/L yesstpension in a threefold-expanded bed of FmZr.
The expanded bed adsorption of any protein fromspansion containing >50 g DCW/L cells has not been
previously reported. The FmZr bed expansion charmtics were well represented by the Richardsdki-Za
correlation with a particle terminal velocity oftl3nm/s and a bed expansion index of 5.4. Expanddd b
hydro-dynamics were investigated as a functioneaf &xpansion using residence time distributionistud
with sodium nitrite as the tracer. The adsorptibRISA on FmZr exhibited features of multicomponent
adsorption due to the presence of dimers. The iprbteding capacity at 5% breakthrough decreasmah fr
22 mg HSA/mL settled bed void volume for 20 g DCW#&ast to 15 mg HSA/mL settled bed void volume
for 40 g DCWIL yeast and remained unchanged fohtpker yeast concentrations (60 to 100 g DCWI/L).
However, the batch (or equilibrium) binding capadéecreased monotonically as a function of yeast
concentration (20 to 100 g DCW/L) and the bindiagacity at 100 g DCW/L yeast was fivefold lower
compared with that at 20 g DCW/L yeast. The lowatch binding capacity at high cell concentrations
resulted from the adsorption of cells at the surfacthe particles restricting access of HSA to the
intraparticle surface area. Batch (or equilibritanil column HSA adsorption results indicated that th
adsorption of HSA on FmZr occurred at a time stiad¢ may be much faster than that of yeast celis. T
zirconia particles were cleaned of adsorbed HSAyaadt with a total of 1500 to 2000 column volumes
(over many cycles) of 0.25 M NaOH, without any sfigant effect on the chromatographic performance.

57. A. Subramanian, P.W. Carr, C.V. McNeff, “UseSpray-Dried Zirconia Microspheres in the Separatf
Immunoglobulins from Cell Culture Supernatddiournal of Chromatography A890(1) 15-23 (2000).

Abstract A method suitable for the isolation of monocloaatibodies (Mabs) on novel zirconia
microspheres (20-30 micron) is described. Zircanierospheres were generated by spray drying calloid
zirconia. Spray-dried zirconia microspheres weréhir classified and characterized by X-ray diffiac,
BET porosimetry and scanning electron microscopya$-dried zirconia microspheres were modified
with ethylenediamine-N,N'-tetra(methylenephosphpaiid (EDTPA) to create a cation-exchange
chromatographic support. The chromatographic behafia semi-preparative column packed with
EDTPA-modified zirconia microspheres was evaluated implications for scale-up are provided.
EDTPA-modified zirconia microspheres were furtheedi to purify Mabs from cell culture supernatant.
Analysis by enzyme linked immunosorbent assay ahalgctrophoresis demonstrate that Mabs can be:
recovered from a cell culture supernatant at highdy(92-98%) and high purity (>95%) in a single
chromatographic step.

73. Anuradha Subramanian and Sabyaschi Sarkardtiséviodified Zirconia Support in the Separation of
Immunoproteins,Journal of Chromatograph#, 944, 179-187 (2002).

Abstract:Zirconia beads (25-38 pum in diameter) were modiifiith N,N,N',N'-
ethylenediaminetetramethylenephosphonic acid teigea a zirconia based pseudoaffinity supporthérrt



referred to as r_PEZ. The influence of pH, saltcemtration and temperature on the binding of human
immunoglobulin G (higG) to r_PEZ was studied. Terapare had no significant impact on the maximum
binding capacity©.,sy, and the equilibrium-binding constamtyj, whereas pH and the salt concentration
had a noticeable impact on bddh., andKy. TheQmax Value of 55 mg higG/ml of bead was obtained at a
pH of 5.5 and found to decrease with an increagaHofThe modified zirconia support allowed the
separation of immunoglobulins (1gG, IgA and IgMdiin untreated human serum. Elution was possible
under mild conditions with a step salt gradiente@¥ protein recoveries in the range of 109-1256tew
obtained with human serum. Human IgG, human IgA, luman IgM yields of 29.50+6.3, 3.22+0.7, and
6.84+0.7%, respectively, were obtained at a limetwcity of 4.32 cm/min. Purity of products, obtagh
from a single chromatographic step was estimatdxbtgreater than 89.0+2.6%. The utility of r_PEZhia
selective removal of immunoglobulins, as in immuite@ption was discussed.

79. S. Sarkar, P.W. Carr, C.V. McNeff, A. Subranaani‘Characterization and Optimization of a Chraygaaphic
Process Based on Ethylenediamine-N,N ,N' ,N' {tetethylphosphonic) acid-modified Zirconia Partigles
Journal of Chromatography,B90 143-152 (2003).

Abstract:The primary objective of work was to charactermgtimize and model a chromatographic
process based on ethylenediamine-N,N,N',N'-tetrdyhghosphonic) acid (EDTPA)-modified zirconia
particles. Zirconia particles were produced by giateying colloidal zirconia. Zirconia spheres pradd
were further classified, calcined and modified VR TPA to yield a solid-phase support for use i+ bi
chromatography (r-PEZ). Specifically, the abilifyrePEZ to selectively bind and enrich 1gG, IgAdan

IgM from biological fluids was evaluated and dentoaied. To better understand the force of inteoacti
between the IgG and the r-PEZ, the equilibrium sfisaiation constant (Kd) was determined by static
binding isotherms, as a function of temperature @nttontal analysis at different linear velociti@$he
maximum static binding capacity (Qmax) was founééan the range 55-65 mg IgG per ml of beads, and
unaffected by temperature. The maximum dynamicibidapacity (Qx) was found to be in the range 20-
12 mg IgG per ml of beads. The adsorption ratetemngka) was determined by a split-peak approach t
be between 982 and 3242 | mol-1 s-1 depending ®fithar velocity. The standard enthalpy and entrop
values were estimated for this interaction of Igihwhis novel support.

79b. A. Subramanian and S. Sarkar, “Interactiomwhunoglobulin G with N,N,NN -
ethylenediaminetetramethylenephosphonic Acid-mediffirconia,”Journal of Chromatography,®89(1)
131-138 (2003).

Abstract:Zirconia beads (25-38m in diameter) were modified with N,N NI -
ethylenediaminetetramethylenephosphonic acid teigea a pseudo-biospecific support, r_PEZ. To bette
understand the force of interaction between thedg@the r_PEZ, the equilibrium dissociation conista
(Kd) was determined by static binding isothermsa &snction of temperature and by frontal analgsis
different linear velocities. Temperature had namgigant impact on the maximum static binding capac
(Qmax) and the equilibrium-binding constant (Kdhereas pH and the salt concentration had a noteEeab
impact on both Qmax and Kd values. Qmax was foargktin the range of 55-65 mg IgG per ml of beads
and unaffected by temperature. The maximum dyn&miding capacity (Qx) was found to be in the range
of 20-12 mg IgG per ml of beads. The adsorptioa canstant (ka) was determined by a split-peak
approach to be between 982 and 3242 | mol 1 s 1afggting on the linear velocity. Adsorption rate @&l

on r_PEZ was studied as a function of both feedeontration and linear velocity. The standard epihal
and entropy values were estimated for the interadaf IgG with this novel support. The binding ctamgs
were also determined by modeling the batch pratpiake data.

91. D.R. Stoll, P.W. Carr, “Fast, Comprehensive IMimensional HPLC Separation of Tryptic Peptides&hon
High-Temperature HPLCJ. Am. Chem. Sqd 27, 5034 (2005).

Abstract:The dramatic improvement in the speed of revepdebse gradient elution through the use of
high-temperature HPLC and modest instrument maatifios has led to a significant improvement in the
performance of 2D-LC. Further optimization of teisstem will lead to improvements in the peak capaci
productivity and make 2D high-temperature HPLC @cpcal approach for the analysis of complex
biological mixtures.

92. A. Subramanian, “Chromatographic Purificatié@bs with Non-affinity Supports; Purifying MAbs ith
Novel Supports Works as well as Protein BjpPharm InternationglJune 2005, 64-70.



Abstract:An anionic column with modified chitosan bead maperforms well in purifying cell culture. A
pair of cationic-exchange columns shows promigeuiiifying S25 antibody.

95b.S. Sarkar and A. Subramanian, “Modeling of Lmoglobulin Uptake by N,N,N\N -
ethylenediaminetetramethylenephosphonic Acid-medifZirconia Particles under Static and Dynamic
Conditions,”Journal of Chromatography,B21(1) 81-87 (2005).

Abstract:A matrix developed from N,N,\N -ethylenediaminetetramethylenephosphonic acid-rextlif
zirconia beads (further referred to as r_PEZ); -8 in diameter and with a pore size of 22 + 3 nns wa
utilized for the separation of immunoglobulins {lgs PEZ has been shown to bind to various Igs
originating from a wide variety of species. To urglend the mechanisms controlling the uptake obigs
r_PEZ, static protein uptake experiments were edrout. The protein uptake profiles were further
modeled with a kinetic rate constant model. Indigildstudies were undertaken for human immunoglabuli
A, G and M (HIgA, HIgG and HIgM). The kinetic ratenstant model indicated that HIgG binding to
r_PEZ was more favorable than its disassociatitwe. dquilibrium rate constants were found to deereas
with increasing concentration. The effect of contins loading in a packed bed system utilizing r_PEZ
matrix was evaluated by carrying out frontal stedigsing different feed concentrations and linear
velocities. The breakthrough profiles obtainedtfa uptake of HIgG were modeled with the pore diffn
model. The model was found to best describe thakiineough profiles obtained at a feed concentratfon
2.0 mg of HIgG per milliliter. The NTU for the paett bed was found to be equal to 2.

95e. K. Soukupova, E. Krafkova, Jana Suchankové&aiwsaova, “Comparison of Zirconia- and Silica-based
Reversed Stationary Phases for Separation of Eakepli Journal of Chromatography,A087(1-2) 104-111
(2005).

Abstract:In this study, the separation of biologically setpeptides on two zirconia-based phases,
polybutadiene (PBD)-ZrO2 and polystyrene (PS)-Zr&#%] a silica-based phase C18 was compared. Basic
differences in interactions on both types of phaseédo quite different selectivity. The retention
characteristics were investigated in detail usivaréety of organic modifiers, buffers, and temperes.

These parameters affected retention, separatiaiegity, resolution and symmetry of peaks. Sepamati
systems consisting of Discovery PBD-Zr column arabite phase composed of a mixture of acetonitrile
and phosphate buffer, pH 2.0 (45:55, v/v) at 7&A@ Discovery PS-Zr with acetonitrile and phosphate
buffer, pH 3.5 in the same (v/v) ratio at 40 °C eveuitable for a good resolution of enkephalintesla
peptides. Mobile phase composed of acetonitrilegrasphate buffer, pH 5.0 (22:78, v/v) was appaipri

for separation of enkephalins on Supelcosil C18astary phase.

95f. S. Sarkar, P.W. Carr and A. Subramanian, ‘ifleation of the Mass Transfer Mechanisms Involvedhe
Transport of Human Immunoglobulin-G in N,N,N -ethylenediaminetetramethylenephosphonic Acid-
modified Zirconia,”Journal of Chromatography,B21(2) 124-131 (2005).

Abstract:Zirconia particles modified with N,N,\N -ethylenediaminetetramethylenephosphonic acid
(EDTPA), further referred to as r_PEZ, were studisd support material for use in chromatography. O
previous studies have demonstrated the utility 8f5Z in the separation of immunoglobulins from
biological fluids. In the present study we soughtibderstand the underlying factors and identiéyréite-
limiting mechanisms that govern the transport oftlecules in r_PEZ. Pulse injection techniqueswer
used to elucidate the individual mass transfermpatars. Elution profiles obtained under retained an
unretained conditions were approximated by the Gansquation and the corresponding HETP
contributions were estimated. The dependence dfliEP values on incremental salt concentratiomén t
mobile phase was determined. Resulting data inucetipn with the equations outlined in literatureres
used to estimate the theoretical number of transiiés for the chromatographic separation proo@ss.
results indicate that surface diffusion probablysla minor role; however pore diffusion was estaed
to be the rate limiting mechanism for immunoglobu# adsorption to r_PEZ. The HETP based
methodology may be used to estimate the rate tigiitnechanisms of mass transfer for any given
chromatographic system under appropriate conditions

97. H.K. Kweon and K. Hakansson, "Selective Ziiaom Dioxide-Based Enrichment of Phosphorylated ilest
for Mass Spectrometric Analysisihalytical Chemistry78(6), 1743 -1749 (2006).

Abstract:Due to the dynamic nature and low stoichiometrproftein phosphorylation, enrichment of
phosphorylated peptides from proteolytic mixturesften necessary prior to their characterizatypmhss
spectrometry. Several phosphopeptide isolationegfias have been presented in the literature, dimaju



immobilized metal ion affinity chromatography. Hoveg, that technique suffers from poor selectivitga
reproducibility. Recently, titanium dioxide-basealuimns have been successfully employed for
phosphopeptide enrichment by several research gréigre, we present, to our knowledge, the first
demonstration of the utility of zirconium dioxiddarotips for phosphopeptide isolation prior to mass
spectrometric analysis. These microtips displaylamoverall performance as TiO2 microtips. However
more selective isolation of singly phosphorylategitides was observed with ZrO2 compared to TiO2
whereas TiO2 preferentially enriched multiply phlosrylated peptides. Thus, these two chromatographic
materials possess complementary properties. Futt -@sein, Glu-C digestion provided no evident
advantage compared to trypsin digestion when coedbiith TiO2 or ZrO2 phosphopeptide enrichment.

98c. A. Subramanian, B. Martinez, J. Holm, P.W.rCarV. McNeff, "A Comparative Study of Monoclonal
Antibodies (Mabs) Purified from Cell Culture Supatant on EDTPA-Modified Zirconia Beads and Prot&in
Hyper D Support,Journal of Liquid Chromatography & Related Techmyis 29(4), 471-484 (2006).

Abstract:Colloidal zirconia was spray dried to yield zirc@particles, which were further modified with
N, N, N', N'- Ethylenediamine tetra methylenephaspt acid (EDTPA) to yield a support for use in
bioseparations. EDTPA modified zirconia particlél be further referred to as, r_PEZ. Cell culture
supernatants rich in monoclonal antibody (Mab) goks 19G1, 19G2a, 1IgG2b, and 1gG3 were
chromatographed on a r_PEZ column, and on a prétdipper D column that was purchased
commercially. All Mab subtypes bound to r_PEZ andcgss yields in the range of 88 to 99% were
obtained. The purity of the Mab products were aageed by gel electrophoretic analysis and were
estimated to be greater than 95%. The purified pfaducts obtained from r_PEZ and protein A columns
were compared to the reference Mab standard indicdl and enzymatic assays. The value of the
dissociation constant (Kd) was found to be comgarahd was in the range to that obtained with esfee
Mab standard (0.231+0.03 M). In addition, Mabs fiediwith r_PEZ had the same deglycosylation peofil
as the reference Mab standard. Thus, it appearthha PEZ purified Mab is similar in activity Mab
purified with a protein A support and in additidhe zirconia surface does not adversely impacadtieity
of the purified Mab.

103.S. Pursche, O.G. Ottmann, G. Ehninger anactBeger, “High-performance Liquid Chromatographytit
with Ultraviolet Detection for the Quantificatiori the BCR-ABL Inhibitor Nilotinib (AMN107) in Plasmn,
Urine, Culture Medium and Cell Preparationdgurnal of Chromatography,B52(1-2) 208-216 (2007).

Abstract:An isocratic and sensitive HPLC assay was develgtlewing the determination of the new
anticancer drug nilotinib (AMN2107) in human plasméne, culture medium and cell samples. After
protein precipitation with perchloric acid, AMN1@nderwent an online enrichment using a Zirchrom-
PBD recolumn, was separated on a Macherey-Nadg&HI1 column and finally quantified by UV-
detection at 258 nm. The total run time is 25 rfiilme assay demonstrates linearity within a conctéatra
range of 0.005-5.0g/ml in plasma (r2 = 0.9998) and 0.1-10dml in urine (r2 = 0.9913). The intra-day
precision expressed as coefficients of variatioryeal depending on the spiked concentration between
1.27-9.23% in plasma and 1.77-3.29% in urine, tdy. The coefficients of variation of inter-day
precision was lower than 10%. Limit of detectionsv@®a002 g/ml in plasma and 0.01g/ml in urine. The
described method is stable, simple, economic anolignely used for in vivo and in vitro pharmacoddic
studies of AMN107.

122. M. Mazanek, E. Roitinger, O. Hudecz, J. HutshB. Hegemann, G. Mitulovic, T. Taus, C. StinglPeters, K.
Mechtler, “A New Acid Mix Enhances PhosphopeptideiEhment on Titanium- and Zirconium Dioxide for
Mapping of Phosphorylation Sites on Protein Comgdgidournal of Chromatography B78 515-524 (2010).

Abstract:The selective enrichment of phosphorylated peptt@r to reversed-phase separation and mass
spectrometric detection significantly improves #imalytical results in terms of higher number oedetd
phosphorylation sites and spectra of higher qualitytal oxide chromatography (MOC) has been regentl
described for selective phosphopeptide enrichnfeéinkée et al., 200M.]; Larsen et al., 200R]; Kweon
and Hakansson, 20(8]; Cantin et al., 200f4]; Collins et al., 20075]). In the present work we have
tested the effect of a modified loading solventtaoring a novel acid mix and optimized wash cowdisi

on the efficiency of TiO2based phosphopeptide émmient in order to improve our previously published
method (Mazanek et al., 2006]). Applied to a test mixture of synthetic and BSAded peptides, the new
method showed improved selectivity for phosphopkgstj whilst retaining a high recovery rate.
Application of the new enrichment method to digdgtarified protein complexes resulted in the
identification of a significantly higher number pifiosphopeptides as compared to the previous method.
Additionally, we have compared the performancei@Zrand ZrO2 columns for the isolation and



identification of phosphopeptides from purified @io complexes and found that for our test seth bot
media performed comparably well. In summary, oyprioved method is highly effective for the
enrichment of phosphopeptides from purified prot@mplexes prior to mass spectrometry, and islsleita
for large-scale phosphoproteomic projects thattaiglucidate phosphorylation dependent cellular
processes.

124. A. Gonzalvez, B. Preinerstorfer, “Selectivei€imment of Phosphatidylcholines from Food and &gital
Matrices Using Metal Oxides as Solid-phase ExtoacMaterials Prior to Analysis by HPLC-ESI-MS/MS,”
Anals of Bioanalytical Chemistrg96, 2965-2975 (2010).

Abstract A zirconia (Zr@)-modified solid-phase extraction sorbent has metuated for selective
extraction of phosphatidylcholines from biologisaimples, followed by analysis of the isolated sty
reversed-phase liquid chromatograpélectrospray ionizatietandem mass spectrometry. The clean-up
process was optimized using seven standard phagdpleablines including two lyso derivatives. Diffant
acidic conditions were tested for the bonding aadhing steps; for elution, various aqueous or nmetia
bases were studied. Experiments were conductedtydamically using extraction cartridges, and
statically in batch mode; the performance of thdent was significantly better when used in thevflo
through mode. The developed clean-up procedureused to selectively enrich phosphatidylcholinesnfro
whole milk, human plasma, and mouse plasma, to shewide applicability of the method. For the
preceding extraction of total lipids from the matlifferent solvent mixtures (metharchloroform,
methanotmethyltert-butyl ether, and ethanedthyl acetate) were compared. Accuracy and repibilite
of the proposed sample-preparation procedure wedei@ed. Matrix effects possibly affecting mass
spectrometric analysis were studied before and #ifeeof phosphatidylcholines from biological sae®!
followed by analysis of the isolated solutes byersed-phase liquid chromatograpbklectrospray
ionization-tandem mass spectrometry. The clean-up proceseptiasized using seven standard
phosphatidylcholines including two lyso derivativBsfferent acidic conditions were tested for the
bonding and washing steps; for elution, variouscags or methanolic bases were studied. Experiments
were conducted hydrodynamically using extractionrichyes, and statically in batch mode; the
performance of the sorbent was significantly betteen used in the flow-through mode. The developed
clean-up procedure was used to selectively enticisphatidylcholines from whole milk, human plasma,
and mouse plasma, to show the wide applicabilitthhefmethod. For the preceding extraction of tiéds
from the matrix, different solvent mixtures (methkrthloroform, methanelmethyltert-butyl ether, and
ethanotethyl acetate) were compared. Accuracy and repibilitic of the proposed sample-preparation
procedure were evaluated. Matrix effects possiffigciing mass spectrometric analysis were studied
before and after the solid-phase extraction. Theseviound to be significant for several analytégssing
the importance of a sample clean-up procedure. tidéatical experimental conditions, recovery otibd
phosphatidylcholines by zirconia was superior &t thy other metal oxides, for example titania (diénd
stannia (Sn@).

Chiral

54. Cecelia B. Castells and P.W. Carr, “Cellulvsd3,5-dimethylphenylcarbamate) Coated Zirconia &hamal
Stationary Phase for HPLCA&nal. Chem 71, 3013-3021 (1999).

Abstract In this work we explore the use of microparti¢alporous zirconia coated with cellulose tris(3,5-
dimethylphenylcarbamate) (CDMPC) as a supportépasation of chiral compounds by HPLC. The
surface of zirconia, previously sintered but ndtydroxylated, provides a stable surface for depagthe
chiral polymer. Zirconia’s surface prior to cogtiwas investigated by diffuse reflectance FT-IFheT
spectra indicated the presence of residual hydrgeotips even after treatment at 750°C for 5h. The
amount of chiral polymer deposited was systemayicaried, and the pore structure of the resulting
particles was assessed by nitrogen sorptometryamic studies of columns packed with these statjona
phases were also conducted. We found that colpacised with about 3-4% (w/w) CDMPC coated on 2.5
micron zirconia particles provide an excellent coompise between loading need to impart good chiral
recognition ability to the stationary phase andinoi’s chromatographic efficiency. Preliminary résu
show resolutions higher than 1 for 9 out of 16 maicemixtures in packed 5-cm columns. The use of
shorter columns combined with reduced particle Bizarovide sufficient resolution has the advantafje
decreasing the analysis times and reducing eludnmes. CDMPC-coated zirconia columns exhibit high
stability under normal-phase conditions at reldyivegh linear velocities.



57b. C.B. Castells, P.W. Carr, "Fast Enantiosefmarstof Basic Analytes by High-Performance Liquid
Chromatography Using Cellulose Tris(3,5-dimethyipylearbamate)-Coated Zirconia Stationary Phases,"
Journal of Chromatography,®04(1) 17-33 (2000).

Abstract In this work, we study the influence of the mehjlhase and column temperature on the
enantioresolution of basic compounds on micropaldte porous zirconia coated with cellulose tris{3,
dimethylphenylcarbamate) (CDMPC). The chiral aregydre amino compounds, including a number of -
blockers. Analytes are eluted with hexane—alcohalite phases. We investigated the effect of alcohol
(type and concentration), basic eluent additivad, @lumn temperature on the parameters that dontro
resolution (column efficiency, retention and salétf). Conditions for achieving an adequate sepanan
the least time have been determined for numeraueswiz mixtures. For most solutes, baseline resoiuti
of the enantiomeric pair was achieved in less thamin; 12 of 13 pairs were separated in less thanin2

64. C.B. Castells, P.W. Carr, “A Study of Thermodgmics and Influence of Temperature of Chiral High-
Performance Liquid Chromatographic Separations ¢J€iallulosetris(3,5-dimethylphenylcarbamate) Coated
Zirconia Stationary PhasesChromatographia52(9-10) 535-542 (2000).

Abstract In chiral HPLC, the separation is based on tlffedintial interaction of a pair of enantiomeric
molecules with a chiral selector. Temperature afiiéct such interactions. Most studies indicatd &
decrease in temperature increase chromatogragbitiseéy. This is consistent with an enthalpy-
controlled separation, but a more complete chariaetéon of the physicochemical interactions isuieed
to understand the driving forces for chiral recdigni In this work, we studied the separation ofuanber
of enantiomers on celluloggs(3,5-dimethylphenylcarbamate) supported on poraesaia, over the
temperature range of 0 to 55°C usingexanes/2-propanol mixtures as the eluent. THerdrices in the
enthalpy (delta(deltaH®)) and entropy (delta(deljasf transfer of the enantiomers from the mobial¢he
chiral stationary phase were estimated from thét Voff plots. These relationships allow the stuzfythe
origin of the differences in interaction energi@he most interesting findings is that while masguges
show a negative delta(deltaH°®) difference, the tmast easily resolved enantiomeric pairs were ségpara
by an entropy dominated process. Studies of tladioaship between the thermodynamics of transfer o
these two entropically controlled separations duedefuent composition showed a substantial changeei
interaction energies of these two solutes withcttieal polymer when the alcohol was reduced by 25§.(
Finally, we show that there is virtually no cort@a between delta(deltaG°®) and overall retentimetyween
delta(deltaH®) and deltaH®, and little or no enplyaéntropy compensation. These findings indichge t
extreme difficulty in predicting or even correlaiohiral selectivity with overall intermolecular
interactions.

66. J.H. Park, J.K. Ryu, J.K. Park, C.V. McNef\\R Carr, “Separation of Enantiomers on Bovine SeAlbumin
Coated Zirconia in Reversed-Phase Liquid Chromajagy,” Chromatographia53, 7/8, 405-408 (2001).

Abstract Zirconia is known to be one of the best matsriat the chromatographic support due to its
excellent chemical, thermal, and mechanical stgbilin this work we report preparation and uséafine
serum albumin (BSA)-immobilized zirconia as a chétationary phase for separation of some enantisme
in reversed-phase liquid chromatography. The BBé&oenia showed good enantioselectivity for some of
the enantiomers studied and could be used for R§gip@rations in mobile phases of alkaline pH.

70. Sung Yeh Park, Jung Kon Park, Jung Hag Paalytah V. McNeff, Peter W. Carr, “Separation of Ratc
2,4-dinitrophenyl amino acids on carboxymethytyclodextrin Coated Zirconia in RPLCMicroc. J, 70,
179-185 (2001).

Abstract We report preparation and use of carboxymethgiclodextrin-coated zirconia as a chiral
stationary phase (CSP) for separation of enantismi?,4-dinitrophenyl (DNP) amino acids in reverse
phase high performance liquid chromatography. T8 showed good enantioselectivity for some of the
amino acids studied. Effects of pH and amount ethanol in the mobile phases on retention and
enantioselectivity for the analytes were examined.

84b. I.W. Kim, J.K. Ryu, S.D. Ahn, J.H. Park, KIRee, J.J. Ryoo, M.H. Hyun, Y. Okamoto, C. Okam®&taJy.
Carr, "Comparison of Chiral Separation on Amylosd &ellulose tris(3,5-dimethylphenylcarbamate)-edat
Zirconia in HPLC,"Bulletin of the Korean Chemical Socigd¢(2), 239-242 (2003).

Abstract:In this work we compared chromatographic perforoesrof chiral separation for ADMPC and
CDMPC coated on 3-mm zirconia particles by meaguritention of a set of racemic compounds on



them. We used narrow-bore (1-mm ID) columns thad l®» many advantages such as low consumption of
both mobile and stationary phases etc.

84c. J.H. Park, Y.C. Whang, Y.J. Jung, Y. Okam@toyamamoto, P.W. Carr, C.V. McNeff, "Separation of
Racemic Compounds on Amylose and Cellulose Dimptiestylcarbamate-coated Zirconia in HPL@8urnal
of Separation Scien¢26(15-16) 1331-1336 (2003).

Abstract:Zirconia particles are a very robust material hade received considerable attention as a
stationary phase support for HPLC. Chromatograpbitormances of ADMPC- and CDMPC-coated
zirconia as chiral stationary phases (CSPs) wemgpaoed by measuring the chiral discrimination séa

of 14 racemic compounds on the two columns. Omih@le CDMPC-zirconia showed better chiral
selectivity for the test compounds than ADMPC-zitieo The two CSPs show complementary chiral
recognition capability for the types of racemateslied. Chiral selectivities of ADMPC- and CDMPC-
coated zirconia were also compared with those of#®CQ- and CDMPC-coated silica. The zirconia CSPs
exhibited comparable and sometimes better enafeisaty than the corresponding silica CSPs.

89a.J.H. Park, J.W. Lee, S.H. Kwon, J.S. Cha, EZ8¥r, C.V. McNeff, “Separation of Racemic 2,4-Diaphenyl
Amino Acids on 9-O-(phenyloxycarbonyl)quinine-bodd@arbon-Clad Zirconia in Reversed-Phase Liquid
Chromatography,Journal of Chromatograph#, 105Q 151-157 (2004).

Abstract:Zirconia is known to be one of the best matefiatshe chromatographic support due to its
excellent chemical, thermal, and mechanical stgbiln this work, we report preparation and us®-@-
(phenyloxycarbonyl)quinine-bonded carbon-clad z2iilaq QNCZ) as a chiral stationary phase (CSP) for
separation of N-(2,4-dinitrophenyl) (DNP)-aminodg{AASs) enantiomers in reversed-phase liquid
chromatography. Retention and enantioselectivithhefQNCZ CSP were compared with those of quinine
3-triethoxysilylpropylcarbamate-coated zirconia @MNnd quinine 3-triethoxysilylpropylcarbamate-
bonded silica (QNS). The QNCZ CSP showed in gerieeabetter enantioselectivity for most of the amin
acids studied.

96. R.A. Henry, C.V. McNeff, B. Yan, T.R. Hoye, ‘Wovel Chemical Route to Stable, Regenerable Ziecon
Based Chiral Stationary Phases for HPL@qyierican Laboratory (News Editiar§7(21) 22-24 (2005).

Abstract:A promising new route to preparing chiral statignghases using a zirconia substrate has been
developed. Chiral selectors that can be easilypvesh and replaced by simple, low-temperature reasti
are targeted for commercialization.

98a. I.W Kim, S.H. Kwon, C.V. McNeff, P.W. Carr, M. Jang, J.H. Park, "9-O-(Phenylcarbamoyl)quinioaded
Carbon-Clad Zirconia for Chiral Separation of Rame®4-Dinitrophenyl Amino Acids in RPLCBulletin of
the Korean Chemical Socie®7(4), 589-592 (2006).

Abstract:In this work we prepared 9-O-(phenylcarbamoyl)inerbonded carbon-clad zirconia (QNCCZ)
in the hope of obtaining better synthetic and bogdiields than those for QNOCZ. It was also expbcte
that different functionality in the linkage (carbayhvs. oxycarbonyl) would show different retentiand
selectivity behavior. QNCCZ was used as the clsti@ionary phase (CSP) for separation of enantismer
of DNP-amino acids in RPLC. Retention and enastaxdivity for QNCCZ were compared to those for
QNOCZ and quinine carbamate-bonded silica (QNS).

99. L.W. Kim, H.M. Choi, H.J. Yoon and J.H. Park;Cyclodextrin-hexamethylene Diisocyanate Copolymer-
coated Zirconia for Separation of Racemic 2,4-diplhenyl Amino Acids in Reversed-phase Liquid
Chromatography,Analytica Chimica Acta569(1-2) 151-156 (2006).

Abstract:We report use of-cyclodextrin (CD)-hexamethylene diisocyanate (HYBdpolymer(CDPU)-
coated zirconia (CDPUZ) as a chiral stationary pHas separation of enantiomers of a set of 2,4-
dinitrophenyl (DNP) amino acids in reversed-phageid chromatography. The effects of polymer loadin
on zirconia and HMDI/CD molar ratio in the prepématof CDPU on retention and selectivity in the
separation of DNP-amino acids in were examinedhh dptimum polymer loading and HMDI/CD ratio. It
was observed that 8% loading of the CDPU prepaitgdthe HMDI/CD molar ratio of 4 gave the best
separation of the amino acids investigated. Rataratnd chiral selectivity of CDPUZ were also congglr
to those for previously reported carboxymethy@GD-coated zirconia (CMCDZ). CDPUZ gave better
chiral separation than CMCDZ for the DNP-amino acid



123. M. Lee, J. Gwon, J. H. Park, “EnantioseparatibNeutral Compounds on a Quinine Carbamate-Inilized
Zirconia in Reversed-Phase Capillary Electrochrametphy,”Bulletin of Korean Chemical Sociefy], 82-86
(2010).

Abstract:Quinine (QN) is a weak anion-exchange type clsedtctor and QN-based silica stationary
phases have been widely used for enantiosepamiticidic chiral analytes in HPLC and recently in CEC.
In this work we report enantioseparation of nord&cchiral analytes on a quinine carbamate-immbpédi
zirconia (QNZ) in reversed-phase (RP) CEC. Infleenef pH, composition of the buffer, acetonitrile
content and the applied voltage on enantioseparatéye examined. Enantiomers of the analytes
investigated are well separated in acetonitrilegpiate buffer mobile phases. Separation data on QNZ
were compared to those on QN-bonded silica (QN&jeRion was longer but better enantioselectivity a
resolution were obtained on QNZ than QNS.

General Information

2. M.P. Rigney, E.F. Funkenbusch, and P.W. CahysRal and Chemical Characterization of Microparou
Zirconia,"J. Chromatogr499, 291-304 (1990).

Abstract Small (< 10mm) microporous zirconia has been prepared and ateallas an alkaline stable
high-performance liquid chromatographic supporitc@hia is an amphoteric metal oxide which exhibits
both anion- and cation-exchange properties depgratirthe solution pH and the nature of the buffene
affinity of zirconia for polyoxy anions, particulgithe effect of phosphate on the properties ofzihgonia,
is examined. Most significantly, the exceptiortabdlity of zirconia, even under extreme conditipiss
demonstrated and compared to the stability of atami

19. L. Sun, M. Annen, C. Francisco Lorrenzano-PxrRaW. Carr and A. McCormick, "Synthesis of Porous
Zirconia Spheres for HPLC by Polymerization-Induéegyregation (PICA),'J. Colloid Interface Scil63,
464-73 (1994).

Abstract Porous, spherical zirconia particles with a narparticle size distribution, which are useful as
chromatographic packing materials for high perfano@aliquid chromatography (HPLC), were synthesized
by polymerization-induced colloid aggregation (P)diést described by ller and McQueston (U.S. Paten
4,010,242, 1977) and the effects of a number dfiatyprocessing variables were examined. In this
method, an aqueous zirconia sol consisting of 7@Mean diameter) particles is mixed with urea and
formaldehyde, which are polymerized by the acigic $Jrea-formaldehyde polymer adsorbs onto the,ZrO
colloids, entraining the colloids in the precipitat of the polymer gel and thus allowing the cabto
aggregate. Features of the aggregation procesdumidated from responses of the process to vamgin
temperature, reaction mixture composition, andestiypolarity. Our results suggest that the agdiega
process resembles those reported for the briddpegilation of colloids by adsorbed polymers. Risro
zirconia particles obtained after polymer combustaod sintering of the aggregates arerrbin diameter
with a surface area of 13%y, a porosity of 29% and pores ranging from <58%6 in diameter. The
particles are strong enough to withstand the pacifra HPLC column.

20. C. Francisco Lorrenzano-Porras, P.W. Carr aMl McCormick, "Relationship between Pore Structane
Diffusion Tortuosity of ZrQ Colloidal Aggregates,J. Colloid Interface Scil64, 1-8 (1994).

Abstract The performance of chromatographic materialsigeenely sensitive to variations in pore
architecture. In this study, porous zirconia et (5-10mm) manufactured with an oil emulsion process
have been characterized with the aim of explaiitsiguccess in protein separations with liquid
chromatography (HPLC). Its chromatographic perfamoe is surprising since it is an aggregate of
colloidal spheres; if the spheres are near closkguh small constrictions in the pore network stoul
drastically reduce the effective diffusion coeféiot and thus diminish the chromatographic resatutio
proteins. Moreover, if small constrictions are idedl, such materials may serve as catalyst supports
requiring reaction of large molecules (e.g., blookolymers). To characterize the pore structureisee
electron microscopy, SEM and TEM; nitrogen adsorgtand mercury porosimetry. Since the latter
techniques are compromised by the presence ofqumrictions, we also use the NMR spin lattice
relaxation and NMR self diffusion experiment toatetine the average hydraulic diameter and tortyosit
of the pore space. It is shown that while manylsoaastrictions are present, the spheres are tpotgely
packed. There is still a high degree of connedbietween pore spaces through larger constrictians t



would be expected for close packed spheres. Titielpa are very porous and the effective tortyoft
diffusion is surprisingly low.

24. M.J. Annen, R. Kizhappali, P.W. Carr, and A.Gdécmick, "Development of Porous Zirconia Spheres by
Polymerization-Induced Colloid Aggregation-EffeétRolymerization Rate,J. Mater. Sci29, 6123-30 (1994).

Abstract Polymerization-induced colloid aggregation isdig® synthesize spheres of narrow size
distribution which are porous aggregates of Ze6lloids. Variation of the reaction pH has been
investigated to determine the optimum rate of pa@simation of the urea-formaldehyde resin. At the
optimum rate, a colloid packing structure is formmgtere a balance of high porosity and high strepfth
the aggregates is achieved. This optimum coincidtsthe maximum yield of the ~%m sintered
(polymer-free) particles. Particles synthesizedtatvalues below the optimum are mechanically weak;
some are hollow spheres. Variation of the pongcstire, and thus colloid packing structure, is ielated
by nitrogen adsorption and apparent density measnts. Differences on either side of the optimuin p
are related to the efficiency of polymer-bridgenfiation between colloids.

25. C. Francisco Lorrenzano-Porras, M.J. Annen,.Nfli€kinger, P.W. Carr and A.V. McCormick, "Pore
Structure and Diffusion Tortuosity of Porous 4r&ynthesized by Two Different Colloid-Aggregation
ProcessesJ. Colloid Interface Scil70,299-307 (1995).

Abstract The pore structure of column-packing materiads/pla significant role in high-performance

liquid chromatography (HPLC) and will particulailyportant for the separation of synthesized by the
controlled aggregation of 700<olloids. Two different aggregation methods wesed: oil emulsion
processing and polymerization-induced colloid aggt®n (PICA). The pore structures of the resgltin
materials were characterized by electron microscojpgogen adsorption/desorption, mercury (Hg)
intrusion/extrusion, pulsed field gradient spin-e®MR self diffusion measurements, and NMR spin-
lattice relaxation measurements. The tortuositylaydraulic diameter resulting from the two aggtega
methods are compared. The PICA-generated samjglssiporous but shows a more well-connected pore
structure. These results show the need to rebigheporosity while retaining the beneficial poteusture
and the high degree of control of aggregate siaedte characteristics of the PICA process.

29. C. Francisco Lorrenzano-Porras, D.H. Reede’, Bhnen, P.W. Carr and A.V. McCormick, "Unusuaittsi-
ing Behavior of Porous Chromatographic Zirconiad®iced by Polymerization-Induced Colloid Aggregation
Ind. Eng. Chem. Re34,2719-27 (1995).

Abstract The effects of sintering temperature and duratiorthe pore structure of chromatographic
zirconia particles produced by the controlled padyiration-induced aggregation of 1000 angstrom
colloids are studied with an eye toward optimathgsgthening the aggregates and eliminating snoaég
while preserving large pores. Nitrogen adsorpénd mercury porosimetry are used to estimate the
surface area, pore volume, and pore size distabutPulsed field gradient NMR measurements ofesdlv
diffusion are used to estimate the diffusion tosityoof the pore space. Initially of course, tleegvolume
and surface area decrease significantly, the deere@ing more pronounced at higher temperaturath W
prolonged sintering, the pore size, pore volumd,anface area change much more slowly, but the
diffusion tortuosity seems to be minimized at aesimg temperature and time at which pores arevaktb
to redistribute so as to optimize large pores. ddggregates synthesized by this aggregation method
apparently produce metastable large pores whichatreasily collapsed.

32. C.J. Dunlap, P.W. Carr and A.V. McCormick, “A@matographic Comparison of the Pore Structures of
Zirconia High Performance Liquid Chromatographictétals Made by the Polymerization Induced Collbida
Aggregation and the Oil Emulsion Method€hromatographiad2(5-6) 273-282 (1996).

Abstract The pore structures of zirconium oxide partigdespared by two different methods (PICA and

Oil Emulsion processes) are compared. Nitrogepteoretry and size exclusion chromatography are used
to characterize the two different types of partcl&ignificant and unexpected differences weradan

the accessible pore volumes and the bed packirgjtaenof the two materials. The PICA material was
found to have a higher totally included and totatkgluded volume than would be normally expect€de
chromatographic method provides results which aseemseful for the application of these materials t
separation science.

34. J. Nawrocki, P.W. Carr, M.J. Annen and S. Focbel, “A TGA Investigation of Hydrated Monoclinic
Zirconia,” Analytica Chimica Acta327(3) 261-266 (1996).



Abstract Thermogravimetric analysis (TGA) was used to rtarthe surface hydroxyl and carbonate
concentrations on porous zirconia after variousovapnd liquid-phase treatments. After equiliboati

with humid nitrogen, each of the surface zirconatmms bears a single hydroxyl group and all surface
oxygen atoms are present as bridged hydroxyl grotfysirochloric acid and sodium hydroxide treatrsent
further increase the surface hydroxyl group corredioin. In the presence of sufficient water, carbo
dioxide chemisorption is inhibited. Once adsorliemyever, surface carbonates and bicarbonatesoare n
removed by hydrochloric acid, sodium hydroxide adiam fluoride washings.

36. C.J. Dunlap and P.W. Carr, “Synthesis and Chtographic Characterization of Dextran-Coated Zir@dHigh
Performance Liquid Chromatographic Stationary Phdse Chromatogr. A/46,199-210 (1996).

Abstract Porous zirconia particles made by the oil emul¢©E) method and the polymerization-induced
colloid aggregation (PICA) method have been coaitighd a small, carboxymethylated (~5%) dextran
polymer and crosslinked in place. The parametktisencoating process (dextran concentration, gudigor
time and crosslinker concentration) have all beeméned and an optimum value for each determined.
The coated and uncoated materials were charaddrizaitrogen sorptometry and size-exclusion
chromatography (SEC) using solutes (polystyrendsdextrans) of well-defined molecular masses.
Nitrogen sorptometry results show that the PICAamat has a much lower pore volume and smaller pore
diameter than do the OE materials. Despite thiesgtution volumes of the SEC probes change vty li
upon polymer coating the PICA material while the @&terial shows a very large change upon coating.

37. D.H. Reeder, A.M. Clausen, M.J. Annen, P.W.rQdrC. Flickinger, and A.V. McCormick, Note, "An

Approach to Hierarchically-Structured Porous ZirieoAggregates,J. Colloid Interface Scil84,328-30
(1996).

Abstract Presented here is a simple, inexpensive approeatigregating colloids into hierarchically
structured spherical particles. Successive agmegstep are used to assemble a particle thatfis s
similar on two size scales and is permeated byrd@red pore network with a bidisperse size distitiu
The structure of the micro- and macropore netwagka/ell as the mechanical integrity of the strueitan
be controlled by varying sintering conditions.

40. D.H. Reeder, J.W. Li, P.W. Carr, M.C. Flickinged A.V. McCormick, “Models for Polybutadiene Bdiall
Coatings in Porous ZirconiaJ. Chromatogr,.760(1) 71-79 (1997).

Abstract We present three models of the changes in medgane size distribution for cylindrical pores
when a polymer is deposited in the pores by evdjporérom a volatile solvent. The predicted result
serve as an aid in interpreting experimental n#rogdsorption data for polybutadiene (PBD) coabing
porous zirconia. At low loadings, PBD appearsépaskit in thin layers on the surface with no prefiee
for filling either large or small pores. At higheBD loadings, the polymer deposits preferentieally
smaller pores. This is in qualitative agreemenhWBD coatings on porous silica.

45. M.J. Robichaud, A.R. Sathyagal, P.W. Carr, AMCormick, and M.C. Flickinger, Technical Note, 1A
Improved Oil Emulsion Synthesis Method for Largerdus Zirconia Particles for Packed- or FluidizegdB
Protein ChromatographySep. Sci. Technd2,2547-59 (1997).

Abstract A previously reported oil emulsion technique fioe synthesis of large, porous zirconia particles
has been modified to overcome problems of nonrepalility, formation of non-spherical or broken
particles, and low yield of chromatographically fus@article. The improved technique describeceher
uses a concentrated sol and an in-line mixer toessfully solve these problems. The results inditzat
the stirring rate used to maintain the emulsionrdudrying has a strong effect on the final paetisize.

48. J.W. Li, D.H. Reeder, A.V. McCormick, and P.@arr, “Factors Influencing Polybutadiene Depositiathin
Porous Chromatographic Zirconia,” Chromatogr. 491,45-52 (1998).

Abstract We have studied the effect of the conditionstlfi@ deposition of polymers in the preparation of
polybutadiene-coated porous zirconia particlesdoersed-phase chromatography. Chromatographic
performance improves when the particle surfaceascpated with elemental carbon by a chemical vapor
deposition (CVD) process. Conversely, performdacggnificantly degraded when the solvent is reatbv
very slowly during the deposition process. No inyenment results when the particles are coated using
small sequential load of polymer. We hypothedie the polymer deposition process is controlledhiay



rate at which the solvent meniscus recedes duahvgist evaporation, by the affinity of the polynfer the
zirconia surface, and by polymer-solvent and polypwymer interactions.

57. A. Subramanian, P.W. Carr, C.V. McNeff, “UdeSpray-Dried Zirconia Microspheres in the Separatf
Immunoglobulins from Cell Culture Supernatddurnal of Chromatography A890(1) 15-23 (2000).

Abstract A method suitable for the isolation of monocloaatibodies (Mabs) on novel zirconia
microspheres (20-30 micron) is described. Zircanierospheres were generated by spray drying calloid
zirconia. Spray-dried zirconia microspheres weréhtr classified and characterized by X-ray diffia,
BET porosimetry and scanning electron microscojpya-dried zirconia microspheres were modified
with ethylenediamine-N,N'-tetra(methylenephosphpaid (EDTPA) to create a cation-exchange
chromatographic support. The chromatographic behafia semi-preparative column packed with
EDTPA-modified zirconia microspheres was evaluated implications for scale-up are provided.
EDTPA-modified zirconia microspheres were furtheed to purify Mabs from cell culture supernatant.
Analysis by enzyme linked immunosorbent assay ahelgctrophoresis demonstrate that Mabs can be:

recovered from a cell culture supernatant at highdy92-98%) and high purity (>95%) in a single
chromatographic step.

62. Akio Yuchi, Yasuharu Mizuno, Tomonori Yonemothigand-Exchange Chromatography at Zirconium(IV)
Immobilized on IDA-Type Chelating Polymer GeRhal. Chem 72, 15, 3642-3646 (2000).

Abstract Ligand-exchange chromatography of organo-acidiomounds at Zr(IV) immobilized on IDA-
type chelating polymer gel using an aqueous matfikese was studied, to obtain some insight inta thei
retention on zirconia. Zirconium(lV) has no cobtriion to the retention of phenols, while apprelsiab
enhancing that of benzoic acids and strongly oasicmally irreversible adsorbing the potentiallgleting
substances. The presence of two stationary-plpestes adsorbing benzoates was confirmed, and the
retention over a wide pH range of 3.5-9.5 was qtaiviely formulated. The correlation of the retien
factor with the Bronsted acidity of samples andl#épendence on pH were theoretically explained tlaad
performance of this chromatographic system was eoetpwith that of zirconia.

69. B. Yan, C.V. McNeff, F. Chen, P.W. Carr, AMcCormick, “Control of Synthesis Conditions to Inope
Zirconia Microspheres for Ultrafast Chromatographl,Am Ceram Soc, 84(8), 1721-1727 (2001).

Abstract Though it has been known for some time that m@apatse, micron-scale spherical zirconia
particles can be synthesized by the hydrolysisrobnium alkoxides, the particles so made are feetjy
aggregated. Moreover, it is not clear whether ey be made nonporous without suffering aggregatio
this would limit their usefulness in applicatiofieel ultrafast chromatography, which require that th
particles be spherical and unaggregated (whichhem term "microspheres") and that they be nonporous
Here we report that when using an alkoxide hydislggnthesis process, critical washing steps can
eliminate irreversible aggregation and so enabliahble production of microspheres. We clarify imfzont
but practical precautions that easily ensure tpeoducibility of the synthesis method. Finally, we
demonstrate that the microspheres can be made rargpwith a suitable heating schedule.

77b.B.A. Musial, A.J. Sommer, N.D. Danielson, "kichannel Thin Layer Chromatography with in Sitate|
Scanning Micro-DRIFTS Detection Using Plain andyBatadiene Modified Zirconia Stationary Phases,"
Applied Spectroscop$6(8), 1059-1066 (2002).

Abstract Thin layer chromatography (TLC) of various dys€ompared in microchannels packed with
either bare zirconia (normal phase) or polybutali@BD) modified zirconia (reversed phase). In situ
micro-diffuse reflectance infrared Fourier transficspectroscopy (DRIFTS) of the analyte spots isiptes
due to the low absorption background of both péaid PBD zirconia. An instrument coupling DRIFTS
with a motorized stage that could profile the matrannel TLC plate is developed. The retention oader
anthracene and pyrene probes as a function of esicetonitrile are generally as expected on PBD
zirconia but opposite for plain zirconia. Impurgim technical grade methylene blue can be deteanin
after TLC separation on plain zirconia. The sepamnand infrared identification of various dyes lsas
dichlorofluorescein and rhodamine B on PBD zircasiamproved using a mobile phase with an additive
such as phosphate or dihexylamine that prevents staeaking.

87. J. Nawrocki, C. Dunlap, A. McCormick, P. W. €dPart |. Chromatography Using Ultra-Stable Me@adide-
Based Stationary Phases for HPL@gurnal of Chromatographg, 1028 1-30 (2004).



Abstract: The first part of the review contrasts the maiavdsacks of silica-based packings such as their
relative thermal and chemical instability with ebept stability of metal oxides. The paper concerns
mainly ZrO2, TiO2 and Al203. Methods of preparatafrspherical particles for HPLC are described.
Surface chemistry of the oxides is, however, véffeint from that of silica. Ability of the oxide® ion-
and ligand exchange is discussed from a chromgthgraoint of view.

90. B. Yan, C.V. McNeff, P.W. Carr, A.V. McCormick$ynthesis and Characterization of Submicron-tasih
Scale, Monodisperse, Spherical, and Nonporous diacBarticles,'J. Am. Ceram. Sgd8(3), 707-713 (2005).

Abstract:Monodisperse, spherical, and nonporous zirconiighes ranging from submicrons to microns
for use as supports for capillary electrophorest @romatography were synthesized by the conttolle
hydrolysis of zirconium tetra-alkoxides in alcolsolutions in the presence of long-chain organidsci
Particle characteristics varied as a function afewaoncentration, the chain length of the orgauid,
aging time, temperature, and extent of stirringai@ing these experimental parameters affectedcfgarti
size, particle size distribution, and the degrepasficle aggregation. Submicron particles were ertayl
increasing the water concentration and decreagjimgdime. Particle size increases as temperatuniegl
the aging period increases. Most importantly, largaodisperse particles (dn) could be made by
extended stirring. In general, we found that phlatiize increases as the chain length of the ocgaid
increases. We also found that gentle rotation duttie aging period prevented both particle setting
secondary nucleation. This allowed the productibiaie particles. BET nitrogen adsorption uptake
measurements demonstrate that the particles ceusthkered, without aggregating them, to remove
virtually all internal porosity.

91a.M.J. Gray, G.R. Dennis, P.J. Slonecker, Rfall&er, "Utilising Retention Correlation for tt&eparation of
Oligostyrenes by Coupled-column Liquid ChromatogmgpJournal of Chromatograph#, 1073 3-9 (2005).

Abstract:The separation of n = 2-5 n-butyloligostyrenes lbven illustrated by reversed-phase reversed-
phase (RP-RP) coupled-column liquid chromatographg coupled-column separation has been achieved
by use of a C18 column with methanol as the mqtiilese followed by a DiamondBond C18 column with
acetonitrile (ACN) mobile phase. The DiamondBond@@®la hybrid carbon clad zirconia (CCZ)-C18
stationary phase. Unlike a C18-carbon clad zircom@dimensional liquid chromatographic system,
which is orthogonal, the C18 and DiamondBond Cll8roas combination exhibit correlations based upon
the molecular weight of n-butyloligostyrenes. Usmyalternative strategy to two-dimensional liquid
chromatography, the molecular weight dependeng#adisd by both the C18 column and DiamondBond
C18 has been used to increase throughput or decagasysis time in the analysis of the n-
butyloligostyrenes. However, this is at the expeasfsa portion of the two-dimensional peak capacity
displayed by the C18-carbon clad zirconia system.

95. G. Srinivasan, A. Kyrlidis, C. McNeff, K. Mlllg“Investigation on Conformational Order and Mdtyibf
DiamondBond-C18 and C18-alkyl Modified Silica GbisFourier Transform Infrared and Solid-state NMR
Spectroscopy,Journal of Chromatography,A081 132-139 (2005).

Abstract:The effect of surface coverage and solid suppmrithe conformational order of alkyl chains of
commercially available carbon clad zirconia basgpsrts and synthesized C18-alkyl modified silica
based supports are probed in the dry state fdirtdime using variable temperature Fourier tfans
infrared (FT-IR) and solid-state (13)C NMR spectagsy. From FT-IR spectroscopy, the conformational
order of alkyl chains tethered to the substratex@nined by the analysis of CH(2) symmetric arttt an
symmetric stretching bands. Through solid-stateGI8MR spectroscopy, the order is inferred from the
relative intensity of the main methylene carboronesice assigned to trans and trans-gauche
conformations. It is found that molecules tethawethe graphite layer experience a strongly diaratign
component of the highly anisotropic magnetic susb#ity of the graphite lattice, which reflects figld
shift in the (13)C NMR spectra of commercially dable octadecyl-modified carbon clad zirconia based
column materials. The present results prove tmpéature, surface coverage and solid supportsdrave
influence on the conformational order and mobitifyalkyl chains tethered to the carbon clad inorgan
metal oxides.

96. R.A. Henry, C.V. McNeff, B. Yan, T.R. Hoye, ‘Wovel Chemical Route to Stable, Regenerable Ziecon
Based Chiral Stationary Phases for HPL@qierican Laboratory (News Editiar§7(21) 22-24 (2005).



Abstract:A promising new route to preparing chiral statignghases using a zirconia substrate has been
developed. Chiral selectors that can be easilypweth and replaced by simple, low-temperature reasti
are targeted for commercialization.

97. H.K. Kweon and K. Hakansson, "Selective ZiioomDioxide-Based Enrichment of Phosphorylated Eept
for Mass Spectrometric Analysisihalytical Chemistry78(6), 1743 -1749 (2006).

Abstract:Due to the dynamic nature and low stoichiometrprofiein phosphorylation, enrichment of
phosphorylated peptides from proteolytic mixtuiesften necessary prior to their characterizatypmhass
spectrometry. Several phosphopeptide isolatiotegfies have been presented in the literature, divodu
immobilized metal ion affinity chromatography. Hoveg, that technique suffers from poor selectivitga
reproducibility. Recently, titanium dioxide-basealuimns have been successfully employed for
phosphopeptide enrichment by several research gréigre, we present, to our knowledge, the first
demonstration of the utility of zirconium dioxiddarotips for phosphopeptide isolation prior to mass
spectrometric analysis. These microtips displaylamoverall performance as TiO2 microtips. However
more selective isolation of singly phosphorylategitides was observed with ZrO2 compared to TiO2
whereas TiO2 preferentially enriched multiply phosrylated peptides. Thus, these two chromatographic
materials possess complementary properties. Futt -@sein, Glu-C digestion provided no evident
advantage compared to trypsin digestion when coedbiith TiO2 or ZrO2 phosphopeptide enrichment.

Lewis Acid/Base Chemistry

5. J.A. Blackwell and P.W. Carr, "Study of the Fide Adsorption Characteristics of Porous Microjzattate
Zirconium Oxide,"J. Chromatogr549, 43-57 (1991).

Abstract Lewis acid sites are present on the surface ¢dlnogide chromatographic supports and are
responsible for the very strong adsorption of Lelvdses. Such sites must be masked or modifielditi® e
solutes which contain Lewis base groups. Fluoiddecoordinates strongly with these sites on zingom
oxide and forms a surface whose composition is piHianic strength dependent. Coverages range from
13.7mmol/n? fluoride at pH 4.8 to @mol/n7 fluoride without harming the underlying zirconiumide
particle. Readsorption of the fluoride can be agulished by equilibrating the particles in a bufér
suitable fluoride concentration. Such fluoride rfiedtion has been found to occur on a time scaitable
for displacement chromatography on the Lewis aitébs

8. J.A. Blackwell and P.W. Carr, "A Chromatograp8icdy of the Lewis Acid-Base Chemistry of Zirconia
Surfaces,'J. Lig. Chromatogr14(15),2875-89 (1991).

Abstract The chromatographic properties of porous micropalate zirconium oxide surfaces in aqueous
media are highly dependent upon the chemical coitipo®f the eluent. In particular, retention is
controlled by the type and concentration of “hatdWwis bases when these species are present itugme.e
Ligand exchange is the dominant mechanism foretention of solutes which are Lewis bases.
Consequently, the capacity factor and plate halgbend on both the thermodynamic and kinetic
properties of whatever competing Lewis bases mayrésent in the eluent. These Lewis base eluent
components act to control retention in two waysey modify the net ligand exchange contribution to
retention, and they serve as sites for secondé&yeictions, such as hydrogen bonding and hydrophobi
interactions between solutes and the dynamic siatjophase.

9. W.A. Schafer, P.W. Carr, E.F. Funkenbusch,aid Parson, "Physical and Chemical Characterizatib
Porous Phosphate-Modified Zirconia Substrale Chromatogr587, 137-47 (1991).

Abstract A phosphate modification of previously descrilpgatous zirconium oxide high-performance
liquid chromatographic support particles has bemretbped. Modification of the surface with inorgan
phosphate alleviates the irreversible adsorptigorofeins on the native oxide surface and makes the
surface more biocompatible. X-ray photoelectroecsscopic, solid-staféP NMR, elemental analysis,
pH stability and®’P phosphate release studies that have been ushdrtcterize physically the surface of
these modified particles are reported.

11. J.A. Blackwell and P.W. Carr, "Ligand Exchatgj@omatography of Free Amino Acids on Phosphated
Zirconium Oxide SupportsJ. Liq. Chromatogrl5, 727-51 (1992).



Abstract Phosphated zirconium oxide particles loaded withper ions are a mechanically superior
alternative to resin based supports for ligand arge separations of amino acids. They show good
stability under acidic and alkaline conditions affibrd different selectivity than resin based exuajexs.
Acidic amino acids are more strongly retained as piinase than on silica or resin based supportsadue
interactions with the underlying zirconia surfadéhese interactions occur despite rigorous phogphaf
the zirconia particle. The operational aspeciamiino acid separations on this material are exaréamel
compared to conventional resin based models.

12. J.A. Blackwell and P.W. Carr, "Role of Lewisiddase Processes in Ligand-Exchange Chromatography
Benzoic Acid Derivatives on Zirconium Oxidédhal. Chem64, 853-62 (1992).

Abstract Porous microparticulate zirconium oxide showsydifferent selectivities and pH dependencies
for the separation of benzoic acid derivatives thharconventional bonded-phase anion-exchange sigppor
This results from a very significant ligand-exchargntribution to the retention of hard Lewis bases

the surface of transition-metal oxide supports. Wiee found that the capacity factors of a widéetgrof
derivatives of benzoic acid are closely correlatdti their Bronsted acidities. The eluent pH iscah

critical factor in determining the magnitude of ttepacity factor, but it does not have much infeeean
chromatographic selectivity. The differential silety of this phase in comparison to conventional
polymeric and bonded-phase anion exchangers cattrifmited to complexation and steric effects which
profoundly alter the elution patterns of certaituses.

13. J.A. Blackwell and P.W. Carr, "Development nfiuotropic Series for the Chromatography of LeBéses
on Zirconium Oxide,'Anal. Chem64, 863-73 (1992).

Abstract Ligand-exchange interactions, which dominaterfiention characteristics of Lewis base solutes
on zirconium oxide, can be strongly attenuatedneyaddition of a competing Lewis base to the eluent
The chromatographic effects of these competingdeary significantly in their structure and Lewis
basicity. An eluotropic scale of mobile-phasersgté for ligand-exchange/ion-exchange chromatograph
on zirconia has been developed which ranks theathadution strength of a variety of Lewis basesdrms

of their ability to elute a wide variety of benzaicid derivatives. This series generally holds far

similar solutes; however, deviations are noted witme solutes and eluents where chelation and steri
factors alter the kinetic and thermodynamic chandstics of the retention process.

14. J.A. Blackwell and P.W. Carr, "Ligand Exchari@j@omatography of Free Amino Acids and Proteins on
Porous Microparticulate Zirconium Oxidel:' Liq. Chromatogrl5(9), 1487-1506 (1992).

Abstract The Lewis acid sites present on the underlyimgariium oxide particles are responsible for the
unusual elution sequence for amino acids on cofifjdoaded, phosphated zirconium oxide supports
reported in an earlier study. To more thoroughigraine the effect of these strong Lewis acid sites,
have studied ligand exchange chromatography onexgplp loaded zirconium oxide particles. It isosim
here that carboxylate functional groups on amirid aclutes strongly interact with surface Lewisdaci
sites. Addition of competing hard Lewis basedhodluent attenuates these specific interactidhe
result is a chromatographic system with high selibgtwhich is also suitable for ligand exchange
chromatography of proteins.

15. J.A. Blackwell and P.W. Carr, "lon- and LigaB®ehange Chromatography of Proteins Using Porous
Zirconium Oxide Supports in Organic and Inorganémiis Base Eluents,). Chromatogr596, 27-41 (1992).

Abstract The applicability of an eluotropic scale pertamnito the desorption of low molecular weight
Lewis base solutes from zirconium oxide is examifoedts ability to rationalize the retention ofgteins
on this substrate. The strongest Lewis base auphbsphate and fluoride) are able to bring abluiton
of nearly all proteins provided that their initiabbile phase concentration almost saturates thengdu
adsorption isotherm. In contrast, weaker Lewisebasich as borate, sulfate and bromide are aklet®
only those proteins which are retained primarilyidnyic interactions. In weak eluents, proteing tha
contain a large number of accessible Lewis bass aite not eluted from the support. The effe@mit
strength and a variety of Lewis base eluents wiseexamined.

18. L. Sun, A.V. McCormick, and P.W. Carr, "Studitle Irreversible Adsorption of Proteins on Poltddiene
Coated Zirconia,J. Chromatogr A 658 465-73 (1994).



Abstract The cause of irreversible adsorption of proteingolybutadiene-coated zirconia is investigated
by comparing the chromatographic properties of Ipalgdiene-coated zirconia with that of other regers
phase packing materials such as bonded phase pitiydutadiene-coated alumina and polybutadiene-
coated silica. We find that the polybutadiene-edatirconia has a micropore size distribution samib

that of the polybutadiene-coated alumina, from Wwigome proteins can be eluted. Thus, the irrddersi
adsorption of proteins on polybutadiene-coatedniia is not caused by entrapment of proteins in the
micropores of the packing. The high hydrophobicityhe polybutadiene coating and the strong Lewis
acid sites on the zirconia surface cause stromgaotions between proteins and the stationary plizse
combination of which lead to irreversible adsorptad proteins on polybutadiene-coated zirconia.

28a.D.A. Whitman, T.P. Weber, J.A. Blackwell, "@mametric Characterization of Lewis-Base Modifiedctinia
for Normal Phase Chromatographygurnal of Chromatography,£91, 205-212 (1995).

Abstract Microporous zirconia was evaluated for its chrtogaaphic properties as a normal phase
support. Since previous studies in agueous medianitécated a strong effect of eluent Lewis base on
chromatographic properties, a number of Lewis Ipasreatments of the support were evaluated dweio t
effect on normal phase selectivities. The retentiveracteristics of over thirty well characterizgdbe
solutes were determined on eight different "acai"base"-washed zirconia supports. These res@ts w
compared with those obtained for a silica colummei@ometric methodology was used to characterize the
similarities and differences between the "acid'd dmase"-washed supports. The lack of chromatogecaph
reproducibility previously observed under normakpé conditions on zirconia appears to be a rebtheo
lack of specific descriptions regarding the "aad™"base" pretreatment.

47. A.M. Clausen and P.W. Carr, “Chromatographiei@hterization of Phosphonate Analog EDTA-Modified
Zirconia Support for Biochromatographic ApplicatsghAnal. Chem70, 378-85 (1998).

Abstract Zirconium dioxide (zirconia) has a great affinfty inorganic and organic phosphate. Previous
work from is laboratory demonstrated the utilitypdfosphate-modified microparticulate zirconia as a
support for protein separations. We have extemliednvestigation to include the study of
ethylenediamine-N,N’-tetramethylphosphonic acid {ER.), a phosphonate analog of EDTA, as a surface
maodifier for zirconia. Our work explores the useE®@ TPA-modified zirconia (PEZ) for its potentiade

as a high-performance inorganic cation-exchangpatifior the separation of proteins. The phosphate
groups in EDTPA very effectively block the sitespensible for strong interactions of hard Lewisdsas
with zirconia’s surface. Modification of zirconigith EDTPA provides a “biocompatible” stationary
phase, resulting in high mass recoveries of preteive compare PEZ with inorganic phosphate-matiifie
zirconia to show increased efficiency, as well aisjue selectivities for chromatography of proteinsthe
chelator-modified surface. Finally, the selectiyvifficiency, and separation mechanism are redoriehe
studies show the PEZ is a useful high-performaonesxchange support for the separation of cationic

proteins and for modulating the sites responsitietfe high affinity of zirconia toward certain stes of
anions.

62. Akio Yuchi, Yasuharu Mizuno, Tomonori Yonemotbigand-Exchange Chromatography at Zirconium(IV)
Immobilized on IDA-Type Chelating Polymer GeRhal. Chem 72, 15, 3642-3646 (2000).

Abstract Ligand-exchange chromatography of organo-acidiomounds at Zr(IV) immobilized on IDA-
type chelating polymer gel using an aqueous matfikse was studied, to obtain some insight inta thei
retention on zirconia. Zirconium(lV) has no cobtriion to the retention of phenols, while apprelsiab
enhancing that of benzoic acids and strongly oasicmally irreversible adsorbing the potentiallgleting
substances. The presence of two stationary-plpestes adsorbing benzoates was confirmed, and the
retention over a wide pH range of 3.5-9.5 was qtativiely formulated. The correlation of the retien
factor with the Bronsted acidity of samples andl#gpendence on pH were theoretically explained tlaad
performance of this chromatographic system was eoetpwith that of zirconia.

68. Brain C. Trammell, Marc A. Hillmyer, Peter Wa€, “A Study of the Lewis Acid-Base Interactiorfs o
Vinylphosphonic Acid-Modified Polybutadiene-Coatédconia,” Anal. Chem 73, 14, 3323-3331 (2001).

Abstract Polybutadiene-coated zirconia (PBD-2f@ very useful for reversed-phase separation uade
wide variety of conditions. Its excellent chemi@aiH = 1-13) and thermal (up to 150°C) stability
distinguish it from silica-based reversed phaskst as with silica-based phases, zirconia’s serfac
chemistry significantly influences the chromatodmapf certain classes of analytes. Zirconlzsd

Lewis acid sites can be chromatographically probkiem Analytes such as carboxylic acids strongly



interact with these sites on PBD-Zrénd do not elute. Addition of phosphate or o#ftesng, hard Lewis
bases to the eluent brings about elution, butébalting peak is often tailed and broad. TypicaiBtionic
solutes are more retained in the presence of phosph fluoride due to adsorption of the Lewis base
additives and the concomitant development of atigaharge on the surface. This Coulombic
interaction can be used to optimize selectivity, the reversed-phase-cation-exchange retention can
produce broad peaks with excessive retention. nfatarnative to adding Lewis bases to the eluget,
studied the effect of permanently modifying PBD-Zb® covalently attaching vinylphosphonic acid
(VPA) to PBD which was predeposited in the poregiafonia. We have investigated the chromatography
of acids, bases, and small peptides on VPA-modRB®-Zr0, (VPA-PBD-Zr(Q,) and compared it to
PBD-ZrO,. VPA-PBD-ZrQ is a reversed-cation-exchange phase with propegti¢e different fromPBD-
ZrO,. The chemical stability of both phases led usxplore how low-pH (1.5-3), ultralow ph (0), and
high-pH (12) eluents effect the retention propsroéthese mixed-mode phases. Ultralow-pH eluents
effectively separate small peptides on both pha%$éss approach gives lower retention, without
sacrificing resolution, and much higher efficierfoy small peptides than previously reported.

73a.D. Xiang, L. Tang and J.A. Blackwell, "Evaloatof the Stability and Selectivity for Various jdtable
Stationary Phases Using Zirconium Oxide Supportsigh-Performance Liquid Chromatographydurnal of
Chromatography A953(1-2) 67-77 (2002).

Abstract:The selectivity and retention properties of aaiia stationary phase were reversibly altered
using various ligands containing Lewis base fumala@roups. A simple loading procedure allowed a
variety of ligands to be attached to the zirconidace via Lewis interactions. The resulting stadicy
phases were shown to be stable and produced diffeedectivity and retention properties from thévea
zirconia material. The metal oxide adsorbent waweded to a diol-type stationary phase using giae®-
phosphate for use under normal-phase conditiongerBed-phase supports were produced by loading
either octyl- or octadecylphosphonic acid ontortaéve zirconia support. The properties of these ne
phases were then compared to commercially availadreled silica analogs. Ligands bound to the sarfac
in this manner were effectively removed and théveatirconia was regenerated using a dilute basdhwa
procedure.

74. Y. Hu, X. Yang and P.W. Carr, “Mixed-mode Reaxt-phase and lon-exchange Separations of Cationic
Analytes on Polybutadiene-coated Zirconidgurnal of Chromatograph#, 968 17-29 (2002).

Abstract:The retention and selectivity of the chromatograpgleparation of basic (cationic) analytes on a
polybutadiene-coated zirconia (PBD-ZrQ2) statiorngse have been studied in greater detail than in
previous studies. These separations are stronfilieiced by the chemistry of the accessible surfdice
zirconia. In the presence of buffers which contaand Lewis bases (e.g., phosphate, fluoride, catlmox
acids) zirconia's surface becomes negatively cldadge to adsorption of the buffer anion at the hard
Lewis acid sites. Consequently, under most condliti@.g., neutral pH), cationic analytes undergb bo
hydrophobic and cation-exchange interactions. Trhied-mode retention process generally leads to
greater retention factors for cations relativehiose on silica-based reversed phases despitevtiee lo
surface areas of the zirconia phase, but, moreritapity, adsorption of hard Lewis bases can be tsed
control the chromatographic selectivity for catmanalytes on these zirconia-based stationary phase
contrast to our prior work, here we show that whréxed-mode retention takes place, both retentiah an
selectivity are easily adjusted by changing thetyphard Lewis base buffer anion, the type of &uff
counter-ion (e.g., sodium, potassium, ammoniung) ptH, and the ionic strength of the eluent as a=l|
the type and amount of organic modifier.

76. Y. Hu and P.W. Carr, “The Special Effect of¢tfide on the Chromatography of Acidic Analytes on
Polybutadiene-Coated ZirconiaChromatographia56(7-8) 439-444 (2002).

Abstract:The special effect of fluoride as a Lewis baseitaddin suppressing the ligand-exchange
interactions for acidic analytes on polybutadienated zirconia (PBD-ZrO2) has been investigatece W
found that fluoride is more effective than phosphatimproving the separation efficiency for stramds.
The improvement is attributed to that fluoride hasmaller size and a more flexible coordinatiomaiséry
towards zirconium centers than phosphate; consélguéinoride can more effectively improve the
kinetics of the ligand-exchange processes for gtyoacidic analytes. We demonstrated that usiagall
amount of fluoride in combination with a larger qtity of phosphate is a practical way to improve th
separation efficiency and resolution for acidiclgtes. Some example separations are presented.



88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromataghy

Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC, Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss methezisi for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilab&ation of the surfaces do not form stable sufspfor
chromatography. On the other hand, the successlyingr modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographigepties of polymer-modified surfaces of zirconia ar

discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

96. R.A. Henry, C.V. McNeff, B. Yan, T.R. Hoye, ‘Wovel Chemical Route to Stable, Regenerable Ziecon
Based Chiral Stationary Phases for HPL@yierican Laboratory (News Editiar§7(21) 22-24 (2005).

Abstract:A promising new route to preparing chiral statignghases using a zirconia substrate has been
developed. Chiral selectors that can be easilypvenh and replaced by simple, low-temperature reasti
are targeted for commercialization.

High Temperature LC

41. J.W. Liand P.W. Carr, “Effect of Temperaturetbe Thermodynamic Properties, Kinetic Performanod
Stability of Polybutadiene-Coated Zirconi#®hal. Chem.69(5), 837-843 (1997).

Abstract This article describes the results of a studthefeffect of temperature on the performance of a
reversed-phase material prepared by coating pagene (PBD) on porous zirconia. We examined the
effect of temperature on retention, efficiency, atability of this phase. The thermodynamic prtiper
were evaluated via the separation of alkylbenzanésa set a tricyclic antidepressant drug at differ
temperatures, while the intrinsic kinetic perforroamf the PBD phase at elevated temperatures was
examined by using alkylbenzenes as probe soliMeseover, the thermal stability was determined by
measuring the drift ik’ while continuously pumping a mobile phase at’@0 We found that enthalpy
changes were between -2 and -4 kcal/mol and ttaatggs in selectivity varied with the type of solute
High temperatures improved the column efficiency8B%6, mainly by accelerating tiselute diffusion rate

in the stationary phase. Finally, the PBD-coaiecbnia phase was very stable at a temperatur@®fClL
for at least 7000 column volumes.

43. J.W. Li and P.W. Carr, “Evaluation of Temperatkffects on Selectivity in RPLC Separations Using
Polybutadiene-Coated Zirconia®hal. Chem.69(11) 2202-2206 (1997).

Abstract The effect of temperature on selectivity on RRh€thod development has been evaluated on
polybutadiene-coated zirconia. We find that tHeuance of temperature on selectivity depends gison
on solute type. For solutes of similar structurehsas polyaromatic hydrocarbons, temperature Inassa
no effect on selectivity; however, for solutes widry different functional groups such as chlorapiis,
temperature changes did significantly affect selagt We feel that simple mixtures with one dominant
retention mechanism e.g., solvophobic retentionlknat be helped appreciably by adjusting temperat

However, in complex mixtures with polar and ionieadplutes, optimization by varying the temperature
may well be fruitful.

44. J.W. Li, Y. Hu, and P.W. Carr, “Fast SeparatiahElevated Temperatures on Polybutadiene-C&tednia
Reversed-Phase Materiakhal. Chem69, 3884-8 (1997).

Abstract lon-exchange chromatography is a major method fmelarge-scale protein separations. New
zirconia-based polymeric cation-exchange HPLC atatiy phases have been developed for protein
synthesis. In one method, polyethyleneimine (PE$ adsorbed onto porous zirconia particles andg€ros
linked with 1,4-butanediol diglycidyl ether (BUDGE}Buccinic anhydride was then reacted with the
remaining primary and secondary amine groups ont®g&fford anionic functionalities. The second
method utilizes poly(acrylic acid) anhydride astbtite cross-linker and the stationary phase. The
resulting stationary phases act to separate psolgira weak cation-exchange mechanism with a slight
contribution to retention from hydrophobic intetiaos. In the presence of 20 mM phosphate buffewik
acid/base interactions between the zirconia surattthe proteins, which can significantly broatten
peaks, are sufficiently suppressed. The effecisro€ strength, mobile phase pH, and salt type are




discussed. Proteins mass recovery and loadingitgar protein separations on these phases have n
limitation on the type of salt used as the eluant] they exhibit unique selectivities. Therefahey offer
interesting alternatives for protein separatiofis.our knowledge, this work represents the firsicessful
examples of protein separations using porous ziacbased polymeric phases under normal
chromatographic conditions, which will definitelglp make zirconia-based supports more useful for
bioseparations.

57a. T. Scott Kephart and Purnendu K. Dasguptat Bfuent Capillary Liquid Chromatography Usingctinia
and Titania Based Stationary Phasésyalytica Chimica Actd14, 71-78 (2000).

Abstract:High speed capillary liquid chromatographic sepans using a simple home made system
constructed from readily available inexpensive congnts have been studied. Using thermally stable
zirconia and titania based packing, the separatia@ight alkylbenzene derivatives in less than & igi
shown. The system is capable of operating at teshpes as high as 200°C and pressures up to 1900
and can, thus, take advantage of the reductiolueneviscosity and enhanced mass transport aheddv
temperatures to operate at very high linear veexcivithout sacrificing separation efficiency.

58. Y. Mao and P.W. Carr, “Adjusting Selectivitylilquid Chromatography by Use of the Thermally Tdine
Tandem Column Concept&nal. Chem72, 110-118 (2000).

Abstract In this study, we propose the novel “thermallyed tandem column ¢T)” concept for the
optimization of selectivity in LC by continuous adfment of the stationary phase. Two columns with
distinctly different chromatographic selectiviti@sg., polybutadiene- and carbon-coated zirconia) a
serially coupled anthdependentlyemperature-controlled. Selectivity is “tuned” &gjusting the
individual temperatures of the two columns. Theetfof changing column temperature is quite analsg
to changing the relative column lengths, therelrizg the relative and absolute contribution eamliimn
makes to the overall retention time iFCT The distinct selectivity differences betweetypatadiene- and
carbon-coated zirconia as well as the extraorditfagymal stability of zirconia-based phases (thdéisma
stable to 200° C) allow us to tune the overall aratographic selectivity over a very substantiabeanWe
have developed a simplified useful model, whichrabterizes retention and selectivity for tii€Bystem
as a function of the two column temperatures. mbeel is in good agreement with the experimental
results. We also describe a simple computer-askgttimization strategy based on the window diagra
method, which facilitates the optimization of th#&CTsystem with only four or five initial runs.

60. B. Yan, J. Zhao, J.S. Brown, J. Blackwell an/PCarr, “High-Temperature Ultrafast Liquid
Chromatography,Anal. Chem72, 1253-1262 (2000).

Abstract A novel liquid chromatographic system which ematthigh temperature ultrafast liquid
chromatography (HTU-FLC) has been designed thrdbgltareful consideration of heat transfer, band
broadening, and pressure drop. Studies of thetesfdinear velocity on the HETP show that column
efficiency at high velocity, especially of well-aéhed solutes, dramatically improves at higher
temperatures. At 150°C, at a flow rate of 15 mL/mith a 5 cm by 4.6mm (i.d.) column packed with 3
micron polystyrene-coated zirconia porous partjdi@sg chain alkylphenones were completely resqlved
and the analysis time could be decreased by arfat&0 compared to that at room temperature (251@)
conventional flow rate (4 mL/min). In addition,img pure water as the mobile phase, five phenote we
separated in less than 30 s.

61. Y. Mao and P.W. Carr, “Application of the Thelg Tuned Tandem Column Concept to the Separation
Several Families of Environmental Toxicant&rial. Chem 72, 2788-2796 (2000).

Abstract Separations of several families of environmetdgicants were optimized by means of the
thermally tuned tandem column@) concept. We use a tandem combination of ardecigsilane (ODS)
and a carbon-coated zirconia (C-Zy@olumn; and tune the selectivity by independeatjusting the
isothermal temperatures of the two columns. Téssilts in the change in the contribution that each
column makes to the overall retention and seldgtivi he separation was optimized by locating the
optimum pair of column temperatures which givelilet separation of the critical solute pair. Fathb
triazine herbicides and carbamate pesticides sangiamatically different selectivities and diffete
critical pairs were observed for the two types lodiges. Although neither individual phase gave aatieq
separation, the*C approach provided baseline separations usingfonlypreliminary trial separations.
We also showed that, for the triazine samplesTf@approach gave a better separation than did



conventional mobile phase optimization with an Of@&imn. The combination of superior selectivity of
T3C and high flow rate allows the baseline separatforcomplex mixtures in just a few minutes.

64. C.B. Castells, P.W. Carr, “A Study of Thermodgmics and Influence of Temperature of Chiral High-
Performance Liquid Chromatographic Separations ¢J€iallulosetris(3,5-dimethylphenylcarbamate) Coated
Zirconia Stationary PhasesZhromatographia52(9-10) 535-542 (2000).

Abstract In chiral HPLC, the separation is based on tlffedintial interaction of a pair of enantiomeric
molecules with a chiral selector. Temperature afiiéct such interactions. Most studies indicatd &
decrease in temperature increase chromatograpgbitiseéy. This is consistent with an enthalpy-
controlled separation, but a more complete chariaetéon of the physicochemical interactions isuieed
to understand the driving forces for chiral recdigni In this work, we studied the separation ouanber
of enantiomers on cellulogas(3,5-dimethylphenylcarbamate) supported on poriesaia, over the
temperature range of 0 to 55°C usingexanes/2-propanol mixtures as the eluent. Therdrices in the
enthalpy (delta(deltaH®)) and entropy (delta(deljasf transfer of the enantiomers from the mobdal¢he
chiral stationary phase were estimated from thét Voff plots. These relationships allow the stuzfyjthe
origin of the differences in interaction energi@he most interesting findings is that while masguges
show a negative delta(deltaH®) difference, the tmast easily resolved enantiomeric pairs were ségpara
by an entropy dominated process. Studies of th¢igaship between the thermodynamics of transfer o
these two entropically controlled separations dwedefuent composition showed a substantial changei
interaction energies of these two solutes withcttieal polymer when the alcohol was reduced by 25§.(
Finally, we show that there is virtually no cort@a between delta(deltaG°®) and overall retentimetyween
delta(deltaH®) and deltaH®, and little or no enplyaéntropy compensation. These findings indichge t
extreme difficulty in predicting or even correlajiohiral selectivity with overall intermolecular
interactions.

65. C. McNeff, L. Zigan, K. Johnson, P.W. Carr,\Wang, A.M. Weber-Main, “Analytical Advantages oighly
Stable Stationary Phases for Reversed-Phasell@3C, 18(5), 514-529 (2000).

Abstract During the past five years, many manufacturersighi performance liquid chromatography
(HPLC) columns have focused on improving statiofamgse stability and reproducibility. Improved
column stability — both chemical and thermal — iffeew advantages, such as decreased analysiariome
new methods of selectivity optimization. More $#aHPLC packing materials have been achieved throug
advances in silane chemistry; however, the greatgsbvements in stability have resulted from tise of
alternative nonsilica supports such as synthetiamic polymers, alumina, and zirconia. In thiscéat the
authors describe their use of various test solatesmpare the efficiency, selectivity, and hydroipic
retention mechanisms of five commercially availaieLC columns based on silica, alumina, zirconia,
and polystyrene cross-linked with divinlybenzen8-{BVB).

67. Y. Mao and P.W. Carr, “Separation of Barbitasaaind Phenylthiohydantoin Amino Acids Using thermimally
Tuned Tandem Column Concepfhal. Chem 73, 1821-1830 (2001).

Abstract There are many more choices of column type tfatuent type for method development in
reversed-phase liquid chromatography. It is comtoswitch between different column types or betwee
the same type from different suppliers to achiénvedesired separations. The key difficulty in matdan
band spacing by adjusting the column type is thiata discontinuous, “hit or miss” propositionhel
thermally tuned tandem column®Q) concept effectively solves this problem by cariimg two columns

in series and independently controlling the twaiowh temperatures. The columns are chosen to have
distinctively different chromatographic selectigsi(band spacing), so that the unresolved peaks®n
column are separated by the other. The optimiepdrstion in the 3 is achieved by simultaneously
tuning the two column temperatures. In this stwdy,used the *C combination of a carbon and a
conventional bonded phase for separation of badi#s and phenylthiohydantoin amino acids (PTH-
amino acids). Good peak shapes and comparableiogt¢imes were observed on the two phases at room
temperature. The selectivities on the two phass wuite different. Baseline separations werédyeas
achieved with the ¥ set although neither column could individuallgatye all the peaks. We further
compared the separation of barbiturates optimizetth® T°C approach with that optimized by adjusting
the mobile phase. We found th&Clgave a better separation. We believe that fflecbmbination of a
carbon phase and a bonded conventional reversestphaterial provides a powerful and general method
to optimize the separation of various mixtures.




71. Christopher J. Dunlap, Peter W. Carr, Claytom¢Neff, Dwight Stoll, “Zirconia Stationary Phasfes
Extreme Separations&nal. Chem.598A-607A (2001).

Abstract Composite materials surpass standard silicorcartabn for stability and robustness in
complicated reversed-phase column applicationsnééx review paper)

71a. Yun Mao and Peter W. Carr, "Separation of@eteBasic Pharmaceuticals by Reversed-Phase and lo
Exchange Chromatography Using Thermally Tuned €an@olumns,’Anal. Chemistry73(18);
4478-4485 (2001).

Abstract The separation of basic pharmaceuticals is lyspalformed on C8 or C18 bonded silica
supports. Silanolphilic interactions between basialytes and surface silanol groups often leadited
peaks, poor efficiency, and irreproducible retemtimes. To solve these problems, many new types o
silica-, zirconia-, and polymer based columns, Whgoovide unique selectivities, improved stabifityhigh
pH, or both, have been developed for the analydigsic compounds. The essence of method
development for the chromatographic analysis ofchesmpounds is to choose a system in which the ban
spacing can be varied dramatically, quickly, andvemiently while minimizing the tailing due to
silanolphilic interactions. The thermally tuneddam column (T3C) approach has been shown to pgovid
an effective way to adjust stationary-phase seliégtior nonionic compounds. In this study, a tand
combination of an octadecylsilane (ODS) and a patytiiene-coated zirconia (PBD-ZrO2) phase was used
to separate nine antihistamines. Selectivity metlby independently adjusting the isothermal teatpees
of the two columns. We found dramatic differenicethe retention factors, elution sequences, amd ba
spacing for the above set of basic drugs on thetymes of columns. The T3C model has been used
successfully to locate the optimal temperaturesdbas only four exploratory runs. The nine
antihistamines were baseline separated on therandkRimn combination even though they could not be
separated on the individual phases. The effetttebuffer concentration on retention of the basic
antihistamines was also studied. We concludethigatation-exchange interactions predominate on the
PBD-ZrO2 phase, while reversed phase interactiomsmare important on the ODS phase. Interestingly,
an increase in column temperature causes a signifincrease in the retention on the ODS columnaand
decrease of retention on the PBD-ZrO2 column. Thisbe explained by the change in the analyte’s
degree of ionization with temperature. The T3C bimation of silica- and zirconia-based RPLC columns
is demonstrated to be a powerful approach for ¢lpausation of the mixture of basic analytes.

71b. Steven M. Fields, Christine Q. Ye, Dee Deengh®. Russell Branch, X. Jason Zhang, Ngozi Okafo,
"Superheated Water as Eluent in High-temperatughtgerformance Liquid Chromatographic Separatidns o
Steroids on a Polymer-coated Zirconia Colundmtirnal of Chromatography,®13, 197 - 204 (2001).

Abstract High-temperature liquid chromatography (HTLC)twsuperheated water mobile phase, has
been shown to be a feasible replacement for megiolarity acetonitrile-water mixtures as an eluent i
reversed-phase HPLC. Instrumental parameter®wtifhte, injection volume and mobile phase
preheating were shown to have significant effeatthe quality of the chromatographic peaks. The
selectivity and retention patterns of testosterame several related compounds were investigated on
porous zirconia, polybutadiene-coated column aptatures up to 200°C and compared with that of
porous silica, octadecylsilane-coated column aedztfconia column under traditional reversed-phase
conditions of an acetonitrile-water mobile phaséGi#C. The selectivity differences observed for
testosterone and related compounds show that ffa@ag@®n mechanisms are complementary and unique
selectivity is obtained with the zirconia columrden HTLC conditions.

72. Jonathan D. Thompson and Peter W. Carr, “Aystddhe Critical Criteria for Analyte Stability iHigh-
Temperature Liquid Chromatographyhal. Chem 74, 1017-1023 (2002).

Abstract There are three major impediments to the useghi-temperature ultrafast liquid

chromatography. First, the stationary phase meishérmally stable. Over the past decade, a sefries
thermally stable, highly efficient stationary phai$mve been developed that can withstand tempesatur
exceeding 200°C. Second, the temperature misrbatefeen the incoming eluent and the column must be
minimized (<5°C), because such a mismatch is a sefipus cause of peak broadening, especially in
ultrafast separations. The thermal mismatch proldan be significantly ameliorated at high colunmear
velocities by using narrow-bore columns (2.1-mm)i.drhird, analytes that are exposed to high
temperatures must be thermally stadnbethe time scale of the chromatographic.rife report here a

study of the ability of several pharmaceuticalsvtthstand super ambient temperatures on the tiralke s¢

fast separations. We propose criteria by whichréiqular analyte may be rejected as a candidathid-



temperature analysis, and we demonstrate that ecnmpblecules are amenable to quantitation, even at
temperatures in excess of 100°C in an agueous médiealso show that as the time an analyte spemds
a hot column decreases, the extent of on-colunutioe®s decreases for those analytes that do react.
Although the seminal work of Antia and Horvath agkires these issues from a theoretical perspeatve,
hope to further alleviate fear of high temperatundgjuid chromatography through the empirical sggzh
used here.

77a. T.S. Kephart, P.K. Dasgupta, “Superheated M&tent Capillary Liquid Chromatographylalanta 56, 977-
987 (2002).

Abstract:A capillary scale reverse phase liquid chromatplyya(LC) system using a super hot water eluent
is described. The system, constructed in-house feauily available components, has been shown to
operate at temperatures as high as 370 °C andupessa excess of 10,000 psi. The capability of the
system is demonstrated with the separation of aum&of polar and non-polar benzene derivatives on
polybutadiene and elemental carbon modified zireqaickings with or without temperature gradients. S
benzene derivatives can be separated in ~ 2 min.

78. Y. Xiang, B. Yan, B. Yue, C.V. McNeff, P.W. CaM.L. Lee, “Elevated-temperature Ultrahigh-pragsu
Liquid Chromatography Using Very Small Polybutadieroated Nonporous Zirconia Particle3gurnal of
ChromatographyA, 983 83-89 (2003).

Abstract:Capillary columns packed with small diameter e typically lead to low permeability and
long separation times in high-performance liquidochatography. Ultrahigh pressures (>10000 p.s.i.; 1
p.s.i. =6894.76 Pa) can be used to overcome thttions that small particles impose. Ultrahighgmeare
liquid chromatography (UHPLC) has demonstrated tgsegential for high-speed and high-efficiency
separations. Decreasing the viscosity of the mqifikse by elevating the temperature could additiona
reduce the pressure drop and facilitate the ugenger columns or smaller particles to achieve ehigher
total plate numbers. For this reason, we investijtite use of elevated temperatures in UHPLC. Water
resistant, flexible heater tape covered with insofawas used to provide the desired heat to themo
Polybutadiene-coated 1 um nonporous zirconia pestiwere used because of their chemical stability a
elevated temperature. A column efficiency as highid 20,000 plates m-1 was obtained. The effects of
temperature and pressure on the separation of grasabere investigated. Separation of five herbiidas
completed in 60 s using 26,000 p.s.i. and 90 °C.

79a. P. He, Yu Yang, “Studies on the Long-Term TarStability of Stationary Phases in Subcriticatér
Chromatography”Journal of Chromatograph#, 989 55-63 (2003).

Abstract:The long-term thermal stability of five commertyadvailable reversed-phase columns has been
evaluated under subcritical water conditions (108 850°C). The five columns included Zorbax RX-C8,
Nucleosil C18 AB, Hypersil BDS C18, PRP-1 (polyfstye-divinylbenzene)), and ZirChrom-PS
(polystyrene) columns. Retention factors, plate ners, and peak areas were monitored over a pralonge
period of time. Comparing the three silica-basddrons, the Zorbax RX-C8 column was the most stable
followed by the Nucleosil C18 AB column. The HypeBDS C18 column was the least stable under
subcritical water conditions. The ZirChrom-PS cotuwas stable at 100 °C for at least 7600 column
volumes. Of all five columns, the polymeric PRPeluenn was the most stable under subcritical water
conditions.

80. Y. Mao and P.W. Carr, “The Thermally Tuned TemdColumn Approach to Optimizing Selectivity in HPL
LCGC North America21(2), 150-167 (2003).

Abstract:The authors describe the thermally tuned tanddomaooconcept for the optimization of
selectivity in liquid chromatography by effectivadgntinuously adjusting the stationary phase. They
serially connected two columns with distinctly @ifént chromatographic selectivities (band spaciags)
used independent temperature control for the cofurhhey tuned the overall selectivity of the tandem
column set by individually adjusting the two colutemperatures. The authors compare thermally tuned
tandem column separations with some single-coluptimization strategies, including the variation of
temperature, eluent type, eluent composition, amdlsaneously varying the temperature and eluent
composition.



82. Y. Xiang, B. Yan, B. Yue, C.V. McNeff, P.W. CaM.L. Lee, “Synthesis of Micron Diameter Polybdi@ne-
encapsulated Non-porous Zirconia Particles fordbiigh Pressure Liquid Chromatographjgurnal of
ChromatographyA, 1002 71-78 (2003).

Abstract:In this study, Ism diameter polybutadiene-encapsulated non-poraasria particles were
synthesized, slurry packed into && 1.D. fused-silica capillary columns, and evaldatsing ultrahigh
pressure liquid chromatography. The dependencieslamn efficiency and solute retention factor on
pressure were investigated. Efficiencies as high88s000 plates per meter were obtained for the
separation of anti-inflammatory drugs at a pressfiE351 MPa. Comparing the reversed-phase behavior
of the polybutadiene-encapsulated non-porous ziacaith octadecylsilane bonded non-porous silica,
greater selectivity was found using the zirconiagahmaterial for the applications reported in stigly.

The encapsulated non-porous zirconia particles dstrated excellent thermal stability in the sepanadf
polycyclic aromatic hydrocarbons at a temperatdire0@ °C and a pressure of 1351 MPa.

84. T. Andersen, Quynh-Nhu T. Nguyen, R. Trone$eibrokk, “Mesoporous Polybutadiene-Modified Dinta
for High-Temperature Packed Capillary Liquid Chraaggiaphy: Column Preparation and Temperature
Programming Stability, Journal of Chromatograph#, 1018 7-18 (2003).

Abstract:In the present study, three different methodg#mking of 3 pum PBD-ZrO2 particles in 0.5 mm
i.d. glass-lined stainless steel columns have lb&amined. The two first methods were based on a
traditional downstream high-pressure techniquegugtrachloromethane (Method I) or aqueous Triten X
100 (Method II) as slurry solvents, while Methotiilas an upstream high-pressure flocculating method
with stirring, using isopropanol both as the sluand packing solvent. Method | was found to be sope

in terms of efficiency, producing 0.5 mm i.d. x d® columns with almost 90,000 plates m-1 for tokuen
(R.S.D.=8.7%, n = 3), using a slurry concentratb600 mg ml-1, ACN-water (50:50 (v/v)) as the
packing solvent and a packing pressure of 650 BarsMethod I, the slurry concentration, column,i.d
column length and initial packing pressure werentbto have a significant effect on column efficignc
Finally, the long-term temperature stability of frepared columns was investigated. In isotherntalen
using ACN-20 mM phosphate buffer, pH 7 (50:50 (v&3 the mobile phase, the columns were found to be
stable for at least 3,000 void volumes at 100°Cthis temperature, the solute efficiencies charajeuit
5-18% and the retention factors changed about 6% mperature programming mode (not exceeding
100°C), on the other hand, a rapid decrease indmtimn efficiency and retention factors was obsdrv
However, when the columns were packed as init@ddlscribed, ramped up and down from 50 to 100°C for
48 h and refilled, fairly stable columns with actzdpe efficiencies were obtained. Although notyull
regaining their initial efficiency after refillinghe solute efficiencies changed about 19-28% (B%)3and

the retention factors changed about 4-5% (13-178é) aunning 3,000 (25,000) void volumes or 500
(3,900) temperature programs.

84a.L.J. Lamm, Yu Yang, “Off-Line Coupling of Suliical Water Extraction with Subcritical Water
Chromatography via a Sorbent Trap and Thermal [éisor’, Analytical Chemistry75, 2237-2242 (2003).

Abstract:In this study, the off-line coupling of subcritic@ater extraction (SBWE) with subcritical water
chromatography (SBWC) was achieved using a sottb@mtand thermal desorption. The sorbent trap was
employed to collect the extracted analytes durifgcsatical water extraction. After the extractidhe trap
was connected to the sub-critical water chromafgyyaystem, and thermal desorption of the trapped
analytes was performed before the SBWC run. Therthkty desorbed analytes were then introduced into
the subcritical water separation column and detkloyea UV detector. Anilines and phenols were etéd
from sand and analyzed using this off-line coupliechnique. Subcritical water extraction of flavene
from orange peel followed by subcritical water ahedographic separation was also investigated. The
effects of water volume and extraction temperaturéavone recovery were determined. Because a
sorbent trap was used to collect the extractedytamlthe sensitivity of this technique was greatly
enhanced as compared to that of subcritical watea&ion with solvent trapping. Since no organic
solvent-water extractions were necessary priontdyais, this technique eliminated any use of oigan
solvents in both extraction and chromatography gsees.

88. J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V.N&ff, A. McCormick, P.W. Carr, “Part Il. Chromataghy
Using Ultra-Stable Metal Oxide-Based Stationarydeisafor HPLC, Journal of Chromatograph#, 1028 31-
62 (2004).

Abstract:In this part of the review authors discuss methomisd for modification of metal oxide surfaces.
On the basis of literature data it is shown, tilah&ation of the surfaces do not form stable surfspfor



chromatography. On the other hand, the successlyiner modified surfaces such as polybutadiene
(PBD) and polystyrene (PS) is emphasized. Permanedification of metal oxide surfaces with Lewis
bases is also widely discussed. Chromatographjoepties of polymer-modified surfaces of zirconia ar
discussed in details. The perspectives of carbatedometal oxide surfaces in HPLC and high tempegat
separations are described.

89b.M.M Sanagi, H.H. See, W.A. Ibrahim, A.A. Naithligh Temperature Liquid Chromatography of Triazol
Fungicides on Polybutadiene-coated Zirconia StatipPhase,Journal of Chromatographg, 1059 95-101
(2004).

Abstract:High temperature liquid chromatography using waieh and superheated water eluent is
evaluated as a new approach for the separatioglexdted triazole fungicides, hexaconazole, teburmea
propiconazole, and difenoconazole. Using a polydiatee-coated zirconia column at temperatures of 100
150 degrees C, clear separations were achieved W@ purified water was utilized as organic-free
eluent. Excellent limits of detection down to pgdewere obtained for the separation of the triazol
fungicides under optimum conditions. Van't Hoffgléor the separations were linear suggestingrtbat
changes occurred in the retention mechanism oegietihperature range studied.

89c. H.A. Claessens and M.A. van Straten, “Reviewhe Chemical and Thermal Stability of Station@hases for
Reversed-phase Liquid Chromatographglirnal of Chromatography,A060(1-2) 23-41 (2004).

Abstract:At present, in high-performance liquid chromatgdna(HPLC) for the majority of analyses,
reversed-phase liquid chromatography (RPLC) istpmaration mode of choice. Faster method
development procedures using aggressive eluenty etelvated temperature conditions, the need for
improved selectivities, efficiencies and resolutitie reduction of solvent consumption and also the
decrease of analysis times require reversed-pRiRedolumns of high chemical and thermal stability.
Until now, the majority of columns for RPLC sepdwat are manufactured from silica substrates. &ilic
has many favorable properties making this mateearly ideal as a support for RP columns. Howeter,
solubility, that increases considerably in elueriteH above 7, is a drawback preventing its widead
use over the entire pH range. In addition, alsahiemal stability of silica is limited. Recentlypwever,
substantial progress has been made in the syntfeRBLC silica-based stationary phases showing
satisfactory thermal and chemical stability undansndifferent experimental conditions. Also, new
substrates mainly based on other inorganic substiée, e.g. alumina and zirconia have been deeelo
now as a starting material for the preparation BER stationary phases of improved chemical andhiber
stability. In addition, for the same reasons, meffigrts have also been made to synthesize polyner a
also polymer-coated phases. These latter phases,padicularly those based on zirconia, but also
polymer phases show a high degree of chemicalterdntal stability compared to silica counterpants. |
this paper, an overview will be given of the stafdhe-art of the thermal and chemical stabilitythod
different available stationary phases for RPLC.

91. D.R. Stoll, P.W. Carr, “Fast, Comprehensive IMimensional HPLC Separation of Tryptic Peptides&hon
High-Temperature HPLCJ. Am. Chem. Sqd 27, 5034 (2005).

Abstract:The dramatic improvement in the speed of revepebse gradient elution through the use of
high-temperature HPLC and modest instrument maatifios has led to a significant improvement in the
performance of 2D-LC. Further optimization of teisstem will lead to improvements in the peak capaci
productivity and make 2D high-temperature HPLC @cpical approach for the analysis of complex
biological mixtures.

93. M.M. Sanagi, H.H. See, W.A.W. Ibrahim, A.A. Nai“High Temperature Liquid Chromatography of Tacol
Derivatives on Polybutadiene-Coated Zirconia Stetiy Phases Chromatographia61(11/12) 567-571
(2005).

Abstract:High temperature Reversed-phase high performageie Ichromatography is evaluated as a new
approach for the separation of vitamin E isomelgh@, gamma-, delta-tocopherol, and alpha-, gamma-
,delta-tocotrienol) and alpa-tocopherol acetate 3éparations of each analyte were examined byneary
the eluent composition and column temperature. gJaipolybutadiene-coated zirconia column at
temperatures of 80 degrees C to 140 degrees C,lemgeparations were achieved within 10-20 min
using organic modifier (acetonitrile) in the rarafet0-50%. Irregularity of the Van't Hoff analysias

noted over the temperature studied. The plot témdgviate from linearity at higher operating



temperatures (140 degrees C and 150 degrees Chineittt deviation errors of 12.7% and 41.6%,
respectively, for the mobile phase examined.

95d.G. Vanhoenacker and P. Sandra, “High Temperafquid Chromatography and Liquid Chromatography—
mass Spectroscopy Analysis of Octylphenol Ethoegain Different Stationary Phasedgurnal of
Chromatography A1082(2) 193-202 (2005).

Abstract: Temperature was investigated as active parametbeiliquid chromatography (LC) analysis of
octylphenol ethoxylates. Significant differencesatectivity were observed when the oligomers were
analyzed by reversed phase LC (RPLC) on silicaepnia- and polystyrene/divinylbenzene based
stationary phases at low (ambient), medium andagéehMtemperature with acetonitrile/water as mobile
phase. As ascertained by LC—mass spectroscopy (MB)gst cases the elution order of the oligomeas w
completely reversed comparing ambient and high &atpre separations. On a graphitized carbon type
column, the selectivity remained unchanged, regasdihe analysis temperature. Also in normal ph&se
the elution order remained unaffected by tempeeatariations both for acetonitrile/water and
methanol/water mixtures as mobile phase. Surpfigimgnen reversed phase LC on a octadecylsilicagel
column at different temperatures was repeated mvdthanol instead of acetonitrile as mobile phase
ingredient, the reversal of elution order did raket place. Results are evaluated in terms of théymamic
parameters.

97a.T. Teutenberg, H.-J. Goetze, J. Tuerk, J.gelod .K. Kiffmeyer, K.G. Schmidt, W. gr. Kohordt, Rohe, H.-
D. Jansen and H. Weber, “Development and Applicadiba Specially Designed Heating System for
Temperature-programmed High-performance Liquid @tatmgraphy Using Subcritical Water as the Mobile
Phase,"Journal of Chromatography,A114(1) 89-96 (2006).

Abstract:A specially designed heating system for tempeeapuogrammed HPLC was developed based on
experimental measurements of eluent temperatuideiasstainless steel capillary using a very thin
thermocouple. The heating system can be operatethaeratures up to 225 °C and consists of a
preheating, a column heating and a cooling unit Egcle times after a temperature gradient can be
realized by an internal silicone oil bath which sodown the preheating and column heating unit.g-on
term thermal stability of a polybutadiene-coatedanium dioxide column has been evaluated using a
tubular oven in which the column was placed. Thekjpey material was stable after 50 h of operation a
185 °C. A mixture containing four steroids was safed at ambient conditions using a mobile phase of
25% acetonitrile:75% deionized water and a mokilase of pure deionized water at 185 °C using the
specially designed heating system and the PBD auldmalysis time could be drastically reduced frbmm
min at ambient conditions and a flow rate of 1 mio/t@ only 1.2 min at 185 °C and a flow rate of 5
mL/min. At these extreme conditions, no thermalmagch was observed and peaks were not distorted,
thus underlining the performance of the developsstihg system. Temperature programming was
performed by separating cytostatic and antibiotimd with a temperature gradient using only wasetha
mobile phase. In contrast to an isocratic elutibthis mixture at room temperature, overall anaysne
could be reduced two-fold from 20 to 10 min.

98. D.R. Stoll, J.D. Cohen, P.W. Carr, "Fast, Cozhpnsive Online Two-dimensional High Performanizpuld
Chromatography through the use of High Temperdtltra-fast Gradient Elution Reversed-phase Liquid
Chromatography,Journal of Chromatography,A122 123-137 (2006).

Abstract:A new approach to high speed, comprehensive odliraé¢ gradient elution 2DLC (LCxLC) based
on the use of ultra-fast, high temperature gradéution reversed phase chromatography is described
Entirely conventional gradient elution instrumeigatand columns are assembled in a system which
develops a total peak capacity of about 900 in B5this is equivalent to roughly one peak/2s. Each
second dimension gradient is done in a cycle tifrle and the peak retention times measured fet afs
twenty six indole-3-acetic acid (IAA) derivativereaeproducible to 0.2s. Each peak eluting fromfittsé
dimension column is sampled at least twice actgssidth, as the corresponding peaks on the second
dimension column appear in two or three consecuwid®nd dimension chromatograms, clearly indicating
that there is little loss in the resolution gaimedhe first dimension separation. Application e t

separation of the low molecular weight componefisilil-type and mutant maize seedlings indicates th
presence of about 100 peaks on a timescale of 2&oimpelling illustrations of the analytical potahbf
fast, high temperature 2DLC are evident in thergigasence of nine distinct peaks in a single sgécon
dimension chromatogram from a single quite narriost imension peak, and the great power of 2DLC to
solve the "analytic dynamic range" problem inheiarthe measurement of small peaks that are neighbo
to a gigantic peak.



98b. F. Cacciola, P. Jandera, E. Blahova, L. MdogéDevelopment of Different Comprehensive Two
Dimensional Systems for the Separation of Pherfglitoxidants,"Journal of Separation Scienc29(16)
2500-2513 (2006).

Abstract: Three different comprehensive 2-D HPLC systemdHerseparation of phenolic antioxidants
have been developed on the basis of different thetées of a PEG-silica column in the first diméms and
a packed or monolithic C18 or a ZR-CARBON colunespectively, in the second dimension. Two-
dimensional comprehensive liquid chromatographpaisi serially connected short PEG-silica column and
a conventional C18-silica or a ZR-CARBON columrthie second dimension was tested to improve the
resolution of the earlier eluting compounds infirgt dimension. Various types of interface werediso
connect the columns in the first and in the seddintension: i) two injection sampling loops of 100nL
conventional arrangement; ii) a 10-port 2-positiaive equipped with two trapping X-Terra columns
instead of loops; and iii) two analytical D2 colusrin parallel. The mobile phase in the first diniendas
a lower elution strength than in the second dinwmsallowing band compression of the solutes temsé
from the first to the second dimension. This effeat enhanced using trapping columns instead of
sampling loops as the interface between the tw@ndsgions, thus allowing a decrease in the time of
analysis. These systems were used for the analfybiser samples. The relative location of the comemts
in the 2-D retention plane varied in relation teitlchemical structure in each instrumental seuqh
allowed positive peak identification.

105.C.V. McNeff, B. Yan, D.R. Stoll, R.A. HenryRéview: Practice and Theory of High Temperatureuldq
Chromatography,Journal of Separation Scienc®), 1672-1685 (2007).

Abstract:High temperature liquid chromatography (HTLC) & a temperature region beyond ambient
(ca. 40 C) and below super critical temperaturée gromises of HTLC, such as increased analysidspe
enhanced separation productivity, “green” LC withigowater mobile phases coupled to universal FID
detection, and fast analysis of complex samplesoogybination with fast 2-D techniques, have become a
option for routine practice. The focus of this pajseto review the key developments that have niade
application of HTLC a practical technique and detention to new developments in 2-D techniques tha
incorporate HTLC that offer an opportunity to vasticrease the usefulness of HPLC for the analysis
complex samples.

106. P. Dugo, K. Buonasera, M. Crupi, F. Cacci@abugo, L. Mondello, “ Superheated Water as
Chromatographic Eluent for Parabens Separationatad@cyl Coated Zirconia Stationary Phase 3ep S¢i30,
1125-1130 (2007).

107. F.
to One-

Abstract In this study, the use of pure water at supedtesmperatures, between 100 and
200°C, as a mobile phase for RP separation is eeghldnstrumental parameters,

such as temperature, flow rate, preheating andrapdiave shown significant

effects on the quality of the chromatographic pedake properties of superheated

water as an eluent were investigated by obserfieghromatographic behaviour

of four parabens on a carbon-clad zirconia (ZR)sphaith covalently bonded octadecyl
groups. Results were compared with those obtain88&C on a silica-based

phase with octadecyl groups, using water and AChalsile phase. The optimized

method was finally applied to analyse parabensdaramercial body cream.

Cacciola, P. Jandera, L. Mondello, “Terapee Effects on Separation on Zirconia Columnglisptions
and Two-Dimensional LC Separations of Phierotioxidants,”J. Sep. Sci30, 462-474 (2007).

Abstract The effects of temperature and mobile phase orlr@matographic separation of
phenolic antioxidants on zirconia-based columnsvievestigated. Unlike silicabased
materials, zirconia columns show excellent therstability over a wide

range of temperatures and enable high-temperatpaations. Enthalpic and

entropic contributions to the retention of phenalienpounds on ZR-Carbon and
ZR-Carbon C18 columns were determined from retaentersus temperature plots

in order to elucidate the retention mechanism ofa compounds over the temperature
range up to 1408C. High-temperature liquid chrometphy on ZR-Carbon

columns was used for comprehensive LC6LC two-dinogiad separation systems

based on the different selectivity of a Zorbax SiBrorcolumn used in the first
dimension and a ZR-Carbon column used in the sedondnsion. Two-dimensional



LC6LC systems employing a setup with two alternatglerated parallel ZRCarbon
columns in the second dimension were used fornlé/sis of phenolic
antioxidants in beer and wine samples.

113. P. Skrdla, A. Bopra, T. Chasse, T. Wang, ‘ighHTemperature Liquid Chromatographic Reactor Ajgjgh
for Investigating The Solvolytic Stability of a Rih@aceutical Compound and an Investigation of iteeRi@on
Behavior on a C18-Maodified Zirconia Stationary Rhadournal of Pharmaceutical and Biomedical Analydig
312-319 (2008). DIAMONDBOND-C18 HIGH TEMP

Abstract The solvolysis kinetics of a developmental acfi@rmaceutical ingredient (API) were
investigated using a high temperature (HT)-HPLQt@aapproach to determine whether it might be
possible to use the technique to efficiently scriberrelative stabilities of typical APIs (partiadly those
that are stable at the column temperatures achewabmost HPLC systems and over durations of less
than 60 min—a reasonable upper limit for typicatimel run time). It was discovered that the on-calum
API degradation kinetics better obeyed a secondrartbdel than a first-order one. Employing a newly
developed mathematical treatment, the apparenagicth energy for the process was determined to be
85.7x1.6 kd/mol; the apparent frequency factor fwaad to be (3.9£0.4)x104 s 1. The retention
mechanism of the API on the C18-modified zircorsbumn (ZirChrom® DiamondbondTM-C18) was
investigated using a van't Hoff analysis. It wasaodivered that the logarithm of the retention factor
(following correction for the gradient elution dfet assay method) exhibited a quadratic dependantteeo
reciprocal of the absolute temperature. While #tention was found to be predominantly enthalpycall
driven over the majority of temperatures investgain this study (ranging from 40 to 20D), a regression
fit of the curve predicted a maximum a0 C, indicative of a transition from predominantltieaipically
controlled retention to a mainly entropically dnveechanism. A table summarizing the thermodynamic
retention parameters at each experimental columpeéeature is provided. Finally, the preliminary
application of the HT-HPLC reactor approach toghaly of degradation kinetics of other APIs is
discussed in terms of some unexpected findingdreditausing the zirconia column.

115. G. Vanhoenacker, P. Sandra, “High TemperandeTemperature Programmed HPLC: Possibilities and
Limitations,” Anal Bioanal Chem390, 245 — 258 (2008).

Abstract Temperature plays an important role in high-pen@ance liquid chromatography (HPLC) since
both the kinetics and thermodynamics of the chrographic process are a function of temperature. To
date, the possibilities of using temperature torowp LC separations have not been fully investidiate

Most researchers mainly focus on column chemisid/dimensions, and on mobile phase composition and
pH to optimize their separation. Temperature islggexamined over a broad range and most sepasation
are performed and/or optimized in the temperategion 20-50 °C. Moreover, currently a large nundfer
liquid chromatographs are still operated at roomgerature instead of using a column thermostat to
control column temperature and thus retention tde.have recently reviewed the use of elevated
temperature and temperature programming in HPIIC [

117. B. Wenclawiak, S. Giegold, T. Teutenberg, “MReview: High-Temperature Liquid Chromatography,”
Analytical Letters41, 1097-1105 (2008).

Abstract The influence of temperature on separation isudised. Elevated temperature can significantly
reduce the retention times in liquid chromatograghg thus the throughput and running costs of a LC
instrument. A decrease of viscosity at increasamggeratures allows the use of columns packed weiti v
small particles and of higher flow rates as welbddrn reversed phase columns are stable up to>(and
90_C. Metal oxide columns (Zirconium oxide, Titamiwlioxide, Aluminium oxide) and polymer packed
columns are temperature stable up to 200_C. Thsuooption of organic solvents can significantly be
reduced and thus also the disposal costs.

126. R. Berta, M. Babjak, M. Gazdag, “A Study oh&oPractical Aspects of High Temperature Liquid
Chromatography in Pharmceutical Application&urnal of Pharmaceutical and Biomedical Analy5i4 458-
462 (2011).

Abstract:In the pharmaceutical industry fast and efficisgparation techniques play an increasing role
among analytical methods because the samplesitvéstigated grow both in complexity and number,
and there is an increasing time pressure to comfietanalysis. Reducing the analysis time without
decreasing the efficiency is possible using higitessures, elevated temperatures, smaller pastidds, or
a combination of these approaches. Recently degdlopromatographic techniques such as the UHPLC



(ultra high performance liquid chromatography) &iLC (high temperature liquid chromatography) are
highly promising in meeting these demands. In shisly, high temperature liquid chromatography
(HTLC) with a zirconia-based column and tempera@ievated up to 15€ was used. We investigated
the chromatographic behaviour of a steroid activ@rmaceutical ingredient (levonorgestrel) and its
structurally related impurities as model compoundke effect of the temperature in the range ofl50-

C and the flow rate in the range of 0.5-3.0 ml/maimgl using methanol as an organic modifier, were
studied for optimisation of the separation method.






