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Objectiu

Aquesta tesi doctoral té com a objectiu principal l'estudi de la retencié
cromatografica en RP-HPLC. Per tal d’assolir aquest objectiu, s’han estudiat les
contribucions a la retencidé cromatografica tant de la fase estacionaria com de la fase
mobil, aixi com algunes de les propietats caracteristiques dels soluts a mesurar

involucrades en el procés de retencio.

En aquesta tesi es proposa per una banda establir un procediment sistematic i
eficient per a caracteritzar la fase estacionaria de les columnes cromatografiques
centrat en I'equacié de van Deemter i en les contribucions que els diferents termes
d’aquesta equacio tenen en I'eixamplament de banda dels pics cromatografics. Per
altra banda, es proposen diversos metodes de prediccid de la retencié d’analits per
predir amb exactitud la retencié d’analits ionitzables, acids i basics, en mode gradient.
Com a part important dins del desenvolupament dels diferents models de prediccio,
s’estudia la influéncia de la variacié d’algunes propietats fisicoquimiques rellevants
involucrades en la retencid d’analits ionitzables com sén el pH de la fase mobil o el pK;

de I'analit que s’elueix amb la composicié de la fase mobil.

Un altre objectiu d’aquesta tesi és el d’establir millores en el metode de shake-flask,
meétode de referéncia per a la determinacié de la lipoficilitat de substancies (log P o log
D). Avui en dia, la industria farmaceutica sintetitza un gran nombre de productes
candidats a ser nous farmacs, compostos que presenten cada cop valors de lipofilicitat
en un interval més ampli i, a més, en sintetitzen en poca quantitat. Per tant, és
recomanable optimitzar el metode de shake-flask per fer-lo apte per a substancies
compreses en un interval de lipofilicitat el més ampli possible i per poder-lo posar en

practica utilitzant molt poca quantitat de mostra.
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Estructura de la tesi

Aquesta tesi doctoral es presenta com un recull de publicacions, per la qual cosa
aquesta memoria esta escrita fent referéncia als articles publicats. Aixi doncs, la
memoria comenc¢a amb una introduccié on s’exposen diversos conceptes teorics
d’utilitat, posteriorment es troba una copia completa dels cinc articles publicats en

revistes cientifiques i, per ultim, hi ha una discussié conjunta dels resultats obtinguts.

La introduccié esta dividida en diferents blocs. En el primer, s’explica com I'elucié
cromatografica consisteix en I'equilibri d’un analit entre una fase estacionaria i una
fase mobil i, posteriorment, s’analitzen al detall cadascuna d’aquestes dues fases. En el
cas de la fase estacionaria, el treball es centra en I'equacié de van Deemter i en els
seus diferents termes que expliquen I'eixamplament del pic cromatografic, mentre que
en el cas de la fase mobil s’incideix en parametres fisicoquimics com podrien ser la
seva polaritat o el seu valor de pH, entre d’altres. Seguidament, s’estudia la retencio
cromatografica de compostos, primer es fa referéncia a les substancies neutres i
posteriorment, a les substancies ionitzables, és a dir, compostos amb propietats acid-
base. En ambdds casos, es tracta la retencié en mode isocratic (la composicié de la fase
mobil es manté constant durant el procés d’elucid) com també la retencié en gradient
(la composicié de la fase mobil varia durant I’elucid). Per altim, en un apartat una mica
més diferenciat, s’explica de forma basica qué és la lipofilicitat dels compostos (tant
neutres com ionitzables) i es descriu el procediment anomenat shake-flask com el
metode de referencia per a determinar-la. També es fa emfasi en la necessitat de
millorar aquest métode de shake-flask per tal d’adaptar-lo a les noves necessitats de la
industria farmacéutica (ampliar I'interval de lipofilicitat on sigui valid, fer-lo apte per a

baixes quantitats de mostra).

Posteriorment, en aquesta memoria s’adjunta una copia de les cinc publicacions a
les quals ha donat lloc la recerca que s’ha portat a terme en el transcurs d’aquesta tesi
doctoral. En les publicacions adjuntades es poden consultar els detalls experimentals
especifics de cadascun dels estudis realitzats, ja que aquests no han estat explicats en

cap altre apartat d’aguesta memoria.

Finalment, la tercera part d’aquesta memoria esta dedicada a explicar de forma
resumida el treball dut a terme en el transcurs de la tesi i a avaluar-ne els resultats

obtinguts. Dins d’aquesta part de resultats i discussio, el primer apartat explica de
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forma detallada la caracteritzacié de columnes cromatografiques mitangant un arxiu
Excel dissenyat per a aquest proposit. En ell, un cop s’han introduit parametres
especifics de la columna (com poden ser la seva porositat o el seu diametre de
particula, entre d’altres), es pot fer una avaluacié detallada del rendiment d’una
columna a partir de les dades d’alcada de plat i de temps de retencid corresponents a
la classica equacidé de van Deemter. La caracteritzacié mitjangant aquest full Excel no
nomeés consisteix en donar valor a la qualitat dels pics cromatografics sind que permet
desgranar les causes que provoquen I'eixamplament de pic, ja que analitza i estima de
forma quantitativa un per un els diferents termes de I'equacié de van Deemter.

Aquesta part dels resultats fa referéencia a 'article 1.

En el seglient apartat es desenvolupen tres models capacos de predir la retencié de
substancies amb propietats acid-base en mode gradient. Després de realitzar un
procés de disseny del treball experimental, també explicat en aquest bloc, els tres
models es posen a prova per tal de comprovar quin d’ells és millor per a la prediccié de
la retencié en aquestes condicions. Posteriorment, s’avalua la validesa del model més
adequat per a un conjunt de substancies més gran, utilitzant dos modificadors organics
de la fase mobil diferents i, addicionalment, fent servir dues aproximacions diferents
gue permeten saber com varia el valor de pK, dels diferents analits en funcié de la
composicio de la fase mobil (una d’elles basada en treball experimental, I'altra
fonamentada en equacions i coeficients que depenen del grup funcional de I'analit que

s’esta estudiant). Aquest apartat fa referéncia al treball corresponent als articles 2-4.

En el bloc final d’aquesta part de la memoria, s’explica I'optimitzacié del metode de
shake-flask i posterior validacid de les millores que s’hi han introduit. En una primera
seccid, es proposen diferents relacions de volum entre les dues fases (particions) i
diversos procediments que permetin la determinacié experimental de la lipofilicitat
utilitzant aquestes particions. Posteriorment, aquestes particions i procediments es
validen utilitzant un conjunt de substancies que inclou farmacs de diferent naturalesa i
compresos en un ampli interval de lipofilicitat. Aquest ultim bloc resumeix el treball

realitzat i descrit a I’article 5.
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Finalment, després dels tres grans blocs de la memoria mencionats previament
(introduccié, publicacions i resultats i discussid), es troben les conclusions més

rellevants que s’han extret d’aquesta tesi doctoral.

Aquesta tesi opta a la mencié internacional de doctorat, ja que s’ha realitzat una
estada de recerca de quatre mesos de durada al Departament d’Enginyeria Quimica
(CHIS) de la Vrije Universiteit Brussel (VUB). Durant aquesta estada es va realitzar tot el
treball que fa referéncia a la caracteritzacid de columnes cromatografiques que es
presenta en aquesta tesi, un estudi que amplia el coneixement adquirit del procés
d’elucié. Addicionalment, esta previst que les dades experimentals obtingudes durant
I’estada donin lloc a, com a minim, una nova publicacié. Ara bé, tenint en compte que
aquest estudi encara no esta finalitzat i que la tesi es presenta en forma de compendi
de publicacions ja enviades, aquesta part no s’ha pogut emmarcar dins d’aquesta tesi

doctoral.
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Abstract

The title of this thesis is Modelization of the chromatographic retention. Hence, its
main goal is to study in a detailed way the retention of analytes in HPLC and the most

relevant factors involved in the elution process.

One of the most important applications of HPLC is its ability to separate the
different compounds of a mixture thanks to the different interactions of the analytes
with the stationary phase in the chromatographic column. Therefore, understanding
how the retention of analytes works is an issue of utmost importance because, if the
behavior of analytes inside the chromatographic column is known, one can try to
predict their retention time, which would make the design of the experimental
separation a lot easier. Besides, to achieve good separations in HPLC the
chromatographic peaks must be totally resolved (completely separated one from the
other) and, in order to do that, peaks must be as narrow as possible. Therefore,
understanding the reasons for band broadening and trying to reduce the different
terms that contribute to the peak width are also key issues when trying to achieve full
chromatographic separations. Thus, the work performed in this thesis, which is mainly
directed to address these topics, becomes fairly interesting in the field of separation

science.

Chromatographic retention is usually defined as the equilibrium of an analyte
between a stationary phase and a mobile phase so, in order to understand how the
retention of analytes works, one must first understand the role of both the stationary
phase and the mobile phase in the elution process. Since the chromatographic column
is usually responsible of the peak width, a thorough characterization of the stationary
phase has been carried out in this work. In it, the classic van Deemter equation has
been split into its different terms (eddy-dispersion, diffusion and resistance to mass
transfer) and their contributions to band broadening have been estimated. Several
experimental procedures, like the peak parking method or the total pore blocking
method, have been successfully employed in order to obtain a full stationary phase
characterization. Article 1, besides focusing on these topics, provides an Excel file that
allows a quick stationary phase characterization that takes into account all the
different terms of the van Deemter equation and the procedures previously

mentioned.
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On the other hand, although the retention time depends strongly on both phases,
modifying the mobile phase properties such as the composition or the pH will have a
large effect on the retention of analytes. Therefore, understanding how the different
analytes behave depending on the mobile phase composition is very important in
order to estimate their retention. This can be especially tricky in gradient mode
because properties like the mobile phase pH or the analyte pK, strongly depend on the
organic fraction of the mobile phase. Therefore, since gradient runs are measurements
where the mobile phase composition is not constant, these properties change their
value during the elution process and that makes them difficult to evaluate. Several
predicting models were tested in acetonitrile in article 2 and a model depending on
two variable parameters was decided to be the one that worked best. This predicting
model was later used in articles 3 and 4 to predict the retention of ionizable analytes in
gradient mode. In these two articles, a new approach to estimate the pKj variation
during the gradient was used; this approach was based on equations and empirical
coefficients that depend on the functional group of the analyte. Additionally, in article
4 the organic modifier employed changed from acetonitrile to methanol and, besides,
it also features some relevant pharmaceutical analytes (with a complex structure) that
were included in the set of tested compounds. Since the predictions performed under
all these conditions were considered to be accurate, the model was considered as
robust and able to successfully predict the retention of acid-base analytes under

gradient elution.

As a separate section, this thesis also includes a study on drug lipophilicity and the
best way to determine it. The reference method to obtain log D values is the
traditional shake-flask method but, despite its high reliability because of its
resemblance to the actual biological partitioning (in cell membranes, for example), the
new needs of the pharmaceutical industry requires an optimization to the method that
widens its applicability log D range and that works using an amount of compound as
small as possible. Several different partitions (ratios of volumes of each phase) and
procedures, designed to make the shake-flask method able to determine lipophilicites
(log D74 values) between -2 and 4.5, were proposed and later tested. The results were

quite satisfactory, falling into the reasonable limits of overall accuracy and precision.
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The optimization to the method was later successfully validated in an external

company.

The research carried out in this doctoral thesis has led to the publication of five
articles in peer-reviewed journals of significant impact factor. Since this thesis is
presented as a compilation of publications, the five articles which compose it have
been attached in the dissertation. Thus, although the actual dissertation is written in
Catalan, English readers should be able to follow the thesis through the different
publications. Additionally, this brief abstract and the conclusions that have been
reached at the end of the work are also written in English to facilitate the

comprehension and evaluation of the thesis for English readers.
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1.1. CROMATOGRAFIA DE LiQUIDS D’ALTA
RESoOLUCIO (HPLC)

La cromatografia és avui una de les técniques analitiques més importants tant en els
laboratoris de la industria quimica com en els de la indldstria farmacéutica.
Essencialment, la cromatografia és un metode fisic de separacié en el que els analits es
distribueixen entre una fase estacionaria (que es manté quieta) i una fase mobil (que
travessa la primera en una direccié definida) d’acord amb la interaccié d’aquests
analits amb cadascuna de les fases esmentades [1]. En funcié de la naturalesa dels
components del sistema cromatografic, es coneixen diferents tipus de cromatografia:
de liquids, de gasos, de fluids supercritics, etc. En el cas de la cromatografia de liquids
d’alta resolucié (HPLC), en fer passar les substancies a través de la fase estacionaria
arrossegades per un cabal de fase mobil, aquells compostos que interaccionin més
amb la primera els costara més d’avancar per la columna i, per tant, d’eluir. Com que
les substancies interaccionen amb les dues fases d’acord amb la seva propia polaritat,
és aquesta polaritat la que condicionara els temps de retencié de cadascuna d’elles i
facilitara la separacio fisica dels diferents compostos d’una mescla en solucié. S’ha
convingut que quan la fase estacionaria és més polar que la fase mobil es tracta de
cromatografia en fase normal mentre que, si és la fase mobil la més polar, de
cromatografia en fase reversa (RP-HPLC), essent aquest ultim el metode de treball més
habitual. Per tant, per entendre com funciona la retencié cromatografica de
substancies i poder desenvolupar models per predir-la, és necessari entendre el paper

gue juguen tant la fase estacionaria com la fase mobil.

1.1.1. Fase estacionaria

En un sistema de HPLC, la fase estacionaria sol estar constituida per un material que
permet la separacié dels analits i que esta situat dins d’un tub metal-lic, el que es
coneix convencionalment com a columna cromatografica. En funcid del material de

rebliment de la columna (solid, liquid, resina, etc.) s’establira un procés de naturalesa
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especifica dins de la mateixa (adsorcio, distribucid, bescanvi ionic, etc.) i, per tant, la
columna tindra una o altra utilitat a I’hora de realitzar mesures o separacions. El tipus
de columnes més comu en l'actualitat sén les columnes empaquetades amb una fase
estacionaria composada per particules esferiques poroses a les quals s’enllacen
cadenes hidrocarbonades de caracter apolar per mitja de grups silanol, essent Cy5 la

cadena més habitual donada la seva marcada apolaritat (Figura 1).

0O

/N

0]
||

Suport pords

Figura 1. Exemple de fase estacionaria en RP-HPLC

Tot i que les columnes més utilitzades al llarg del temps tenen suports solids
formats per particules totalment poroses, en els ultims anys s’han desenvolupat
particules que tenen un nucli dur i una capa porosa a I'exterior (tecnologia core-shell),
un tipus de particules que déna lloc a mesures de més qualitat. Per ultim, també
existeixen columnes monolitiques, on la columna esta formada per una Unica barra de
fase estacionaria (en comptes de particules esfériques empaquetades). En aquest

treball, aquestes ultimes no seran tractades.
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1.1.2. Fase mobil

La fase mobil es defineix com un liquid que circula pel sistema cromatografic i
provoca l'elucié de I'analit. Tenint en compte que en RP-HPLC la fase mobil ha de tenir
caracter polar, aquesta sol estar formada per un o per una mescla de més d’un solvent
de polaritat elevada. El més habitual en HPLC és utilitzar una mescla hidroorganica
com a fase mobil, és a dir, una mescla d’aigua i un altre solvent de tipus organic (també
conegut com a modificador organic); la proporcié entre aquests dos solvents
condicionara la polaritat de la fase mobil. En RP-HPLC, com menys percentatge de
solvent organic hi hagi a la fase mobil més polar sera i, per tant, més retinguts estaran

els analits.

Els modificadors organics més habituals en HPLC sén I'acetonitril (MeCN) i el
metanol (MeOH). Tot i que existeix una amplia varietat de solvents organics que poden
ser emprats, es considera que aquests dos sén els més adequats ja que, entre d’altres
factors, presenten una baixa viscositat, no absorbeixen en un ampli interval de
longitud d’ona (i per tant no interfereixen en la deteccid per espectroscopia UV-Vis) i
presenten un punt d’ebullicié relativament elevat (82°C i 65°C a pressié atmosferica,
respectivament), fet que garanteix la composicié constant de la fase mobil. A més, com
a avantatge addicional, sén solvents que es poden adquirir amb un grau elevat de
puresa a un preu relativament assequible. Cal tenir en compte que, al tenir una major
viscositat, les mesures en fases mobils que contenen metanol sempre donaran lloc a
temps de retencié més grans que les mesures realitzades en fases mobils que

contenen acetonitril.

Pel que fa a la part aquosa de la fase mobil, tot i que es pot fer servir simplement
aigua, és habitual I'is de solucions amortidores aquoses. Es ben sabut que les
solucions amortidores regulen el pH del medi, en aquest cas de la fase mobil,
parametre que pot fer variar notablement la retencié d’un analit si aquest té caracter
acid o basic. A I'hora de preparar una solucié tampd, cal tenir en compte que la
concentracié de I'agent amortidor sigui prou elevada com per poder dur a terme la
seva funcid reguladora sense problemes pero, a la vegada, que sigui prou baixa com

per no causar interferéncies en el sistema cromatografic (en forma de precipitacioé o en
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el procés de deteccio, per exemple). També cal tenir present que les solucions
amortidores només poden tamponar en un interval d’una unitat per sobre o per sota
d’algun valor de pK, de I'agent amortidor, per la qual cosa la seleccié d’'un tampd
adequat resulta essencial per obtenir solucions amortidores correctes que tinguin

I’efecte desitjat en la fase mobil.

Tal i com s’ha dit anteriorment, de la fraccid (o percentatge) de modificador organic
en la fase mobil en dependra la seva polaritat, fet que tindra un efecte molt important
en la retencié dels analits. En aquest sentit, la técnica d’HPLC permet que aquesta
proporcié sigui constant durant I’elucié de la substancia (mode isocratic) o, per contra,
que varii de forma controlada (mode gradient). Les possibilitats que ofereix el mode
gradient a I'hora de dissenyar metodes experimentals i processos de separacié sén
molt més nombroses que les que ofereix el mode isocratic, per la qual cosa el treball
en mode gradient és forca més habitual. Dins dels gradients, cal diferenciar entre
gradients lineals, on el percentatge de modificador organic varia de forma constant, i
els gradients en corba, on la variaci6 de modificador organic pot ser creixent o
decreixent respecte al temps d’elucid, donant lloc a gradients concaus o convexos,
respectivament. Aquests diversos tipus de gradients es poden combinar entre ells i
permeten desenvolupar métodes cromatografics sofisticats per realitzar mesures o

separacions complexes.
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1.2. CARACTERITZACIO DE COLUMNES
CROMATOGRAFIQUES

Després de recorrer la columna arrossegats per la fase mobil, els analits arriben al
detector i generen un pic cromatografic, pic que idealment hauria de tenir una forma
gaussiana, tot i que no sempre és aixi. Com que la cromatografia és una tecnica
analitica que permet la separacié dels diversos components d’una mescla, l'usuari de
RP-HPLC esta interessat en dos aspectes diferents: realitzar separacions en el menor
temps possible i aconseguir que els pics resultants d’una separacié siguin el més
estrets possible ja que, en cas contrari, és més facil que se solapin entre ells iles
separacions no siguin completes. Aixi doncs, obtenir pics estrets i regulars és sinonim
d’obtenir pics de qualitat, per la qual cosa resulta un tema de maxima importancia en
cromatografia. Tenint en compte que la causa principal d’eixamplament de pic és la
interaccio de l'analit amb la fase estacionaria, entendre les causes d’aquest
eixamplament i quins factors hi contribueixen resulta clau per aconseguir pics estrets i,
per tant, aquest esdevé un punt important a I'hora de modelitzar la retencié

cromatografica.

1.2.1. Eficacia

La manera més habitual de determinar la qualitat d’un pic cromatografic és
mitjancant I'estimacid de la seva eficacia, és a dir, del nombre de plats teorics (N) que li
corresponen. El nombre de plats és un concepte matematic que es calcula relacionant
el temps de retenciéo d’un analit amb la variancia associada al pic obtingut, de la

manera que mostra I'equacio (1):
N=_-R_ (1)

En aquesta equacio, tg representa el temps de retencid i of és la variancia del pic

expressada en unitats de temps. Aquest darrer parametre esta estretament lligat a
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I'amplada del pic cromatografic i, per tant, la manera més habitual de determinar el
nombre de plats és a través de la relacid entre el temps de retencié i I'amplada de pic.
Ara bé, en aquest sentit cal tenir compte que I'amplada de pic depén de I'alcada a la

qual es mesura, tal i com es mostra a la Figura 2.
120 -
100 -
80 -

60 -

40 -

Signal (mAU)

20 - Wes

.20 -
Time (min)

Figura 2. Diferents amplades d’un mateix pic cromatografic

Les dues maneres més habituals de mesurar 'amplada d’un pic cromatografic sén
les que es mostren a la Figura 2: a mitja alcada i a I'algada que correspon a I'amplada
de 40. La primera consisteix en mesurar 'amplada del pic a la meitat de la seva alcada
(wi12), mentre que la segona equival a I'amplada que s’obtindria a la linia base
prolongant el pic a través de les seves tangents (wss); aquesta amplada equival
exactament a la que es mesura a un 13.4% de I'algada en un pic perfectament gaussia.
Degut a que aquestes son les amplades que s’utilitzen de manera més habitual, les
expressions que les relacionen amb el nombre de plats del pic cromatografic estan ja

establertes i son les que figuren en I'equacié (2):

2

t t
R =16 R
W1/2 W4

N =5.545 - (2)

o

Tot i aix0, tal i com s’observa a la Figura 2, per a un mateix pic cromatografic es
poden mesurar una gran quantitat d’amplades diferents, on cadascuna d’elles es
relacionaria amb el nombre de plats d’'una manera diferent. En cas que el pic

cromatografic fos perfectament gaussia, I'alcada on s’adquiris I'amplada de pic no
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tindria importancia ja que qualsevol d’aquestes expressions (ja siguin les establertes en
I'equacié (2) o d’altres que s’estableixen per a una mesura en concret) donarien
exactament el mateix nombre de plats. Desafortunadament, molt poques vegades un
pic cromatografic és perfectament simetric ja que, especialment prop de la linia base,
els pics solen ser forca irregulars. Tenint en compte aquest fet, com més amunt es
mesuri 'amplada d’un pic cromatografic, més informacié es perdra sobre la forma del

propi pic i, per tant, menys fiable sera el nombre de plats obtingut.

Un dels factors que influeix en I'eixamplament de banda i en la forma dels pics és la
qualitat de l'instrument, qualitat que depén Unicament de les caracteristiques del
sistema HPLC com poden ser la distribucié i qualitat dels tubs i dels moduls. Per tant, si
es vol avaluar el rendiment d’una columna de manera exclusiva, cal coneixer abans
I’eixamplament de banda provocat per I'instrument i fer la correccid pertinent, cosa

que s’aconsegueix realitzant mesures en absencia de columna.

Ara bé, tot i que el nombre de plats és una bona manera de coneixer el rendiment
aproximat d’una columna, no explica que és el que provoca I'eixamplament de banda
d’un pic cromatografic ni qué es pot fer per intentar reduir-lo. Per abordar aquesta
guestid, el primer que cal fer és transformar les dades de nombre de plats en dades
d’alcada de plat (H) mitjancant I'expressié que la relaciona amb la longitud de la

columna L:

H=L/N (3)

A partir de lalgada de plat, I'analisi del rendiment de les columnes
cromatografiques es du a terme mitjangant I'equacié de van Deemter:

H=A+E+(C$+Cm).u (4)
u

Tot i que I'eixamplament de banda havia estat estudiat previament per Martin i
Synge primer [2] i per Lapidus i Amundson [3] posteriorment, no va ser fins I'lany 1956
gue van Deemter va proposar la seva coneguda equacid, en la que va suggerir que
I’eixamplament de banda provocat per I'equlibri imperfecte entre fase mobil i fase
estacionaria podia explicar-se mitjancant diferents contribucions [4]. El terme A fa

referencia a la multiplicitat de camins, també coneguda com a dispersio d’eddy, i es
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defineix com la tendéncia de I'analit en seguir diversos possibles camins dins de la
columna per arribar al detector. El terme B representa la difusid longitudinal de
I’analit, és a dir, la tendéncia que té el solut a expandir-se per la fase mobil (fet que pot
tenir lloc mentre esta dins la columna). Per Ultim, el terme C descriu la resistéencia a la
transferéncia de massa, és a dir, el temps que triga un analit per passar d’una fase a
I'altra; es divideix entre Cs i C,, en funcio de si fa referencia a la fase estacionaria o a la
fase mobil. Per altim, el parametre u fa referéncia a la velocitat lineal de I’analit. En cas
gue I'analit sigui un marcador de temps mort s’obtindra ug, un tipus de velocitat que es
considera també com la velocitat de la fase mobil. Aquest parametre es pot calcular
per a cada cabal de fase mobil a partir de la determinacié del temps mort del sistema
(ug = L/ty), tot i que cal anar amb compte ja que els marcadors de temps mort no
sempre estan totalment no retinguts. Des que es va proposar, aquesta equacié s’ha

convertit en un metode de referéncia per avaluar el rendiment cromatografic [5-9].

La representacié grafica de I'equacié de van Deemter es pot obtenir amb facilitat si
es mesura la retencié d’una mateixa substancia a diferents cabals de fase mobil
(diferents velocitats) i es determina el nombre de plats de cada pic. La corba resultant

és sempre semblant a la que es mostra a continuacié:

18
16

14

12

Algada de plat (H)

10

0 1 2 3 4 5

Velocitat lineal [ug)

Figura 3. Exemple de corba de van Deemter
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Com es pot veure en la propia equacié de van Deemter, el terme A és totalment
independent de la velocitat de la fase mobil (up), el terme B n’és inversament
proporcional i el terme C, tant C; com C,,, son directament proporcionals a la velocitat.
Aixi doncs, la part esquerra d’una corba de van Deemter estara regida pel terme B
mentre que la part dreta estara regida pel seu terme C. Aquesta equacié respon al
fenomen fisic que es produeix dins la columna ja que a velocitats baixes I’analit passa
més temps dins de la columna i acusa més els efectes de la difusié longitudinal mentre
gue, com més alta sigui la velocitat, més significatiu sera el temps necessari per a la
transferéncia de massa en relacié al temps de retencié dels analits. Per ultim, el minim
de la corba de van Deemter marca la velocitat de treball optima (que es tradueix en el
cabal de fase mobil optim), ja que els pics en aquestes condicions tindran la maxima

gualitat possible amb aquesta columna.

1.2.2. Porositat

La porositat d’una columna cromatografica es defineix com I’espai no ocupat per la
fase estacionaria, és a dir, I'espai ocupat per la fase mobil durant qualsevol elucid
cromatografica. La porositat total d’una columna (g7) engloba dos tipus de porositat
diferents. La porositat externa (&) és la fraccid de la porositat que representa I'espai
intersticial, és a dir, I'espai que existeix entre les diferents particules de la fase
estacionaria i proporciona informacié sobre 'empaquetament, com més baix sigui el
seu valor més quantitat de particules hi haura dins de la columna i, per tant, millor sera
el seu empaquetament. Per altra banda, la porositat interna (&qr:) descriu el
percentatge de la particula que esta buit i, per tant, déna informacié sobre el disseny
de les particules que componen la fase estacionaria. En aquest punt cal discernir entre
els diversos tipus de particula ja que el parametre global &+ només fa referencia a
particules totalment poroses, en cas que les particules siguin de tipus core-shell (amb
un nucli dur i una zona porosa al seu voltant) cal referir-se a la porositat de la zona
porosa &, un parametre que es pot calcular a partir de la relaci6 dels diametres de la
particula i del nucli. Els dos tipus de porositat es poden relacionar amb la porositat

total de la columna mitjangant:
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& =e+(1— &) 0 (5)

D’entre tots els tipus de porositat, la més senzilla de determinar és la porositat

total, que es troba mitjancant la relacié:
er=(F-to)/V (6)

on F és el cabal de fase mobil, ty és el temps mort i V és el volum geometric de la
columna. Ara bé, la porositat total no és un parametre rellevant en I'analisi del
rendiment cromatografic d’'una columna siné que el valor realment important és el de
la porositat externa. Tenint en compte que la resisténcia al cabal i la permeabilitat de
la fase estacionaria depenen de la porositat externa en un factor de € [10], obtenir un
valor de porositat externa el més precis possible resulta clau a I’'hora de fer una analisi
acurada de la columna. Tot i que tradicionalment s’ha utilitzat el metode ISEC (inverse
size-exclusion chromatography), la recerca en aquest camp s’orienta a trobar métodes
que el millorin. En aquest sentit, un dels metodes més utilitzats és I'anomenat TPB

(total pore blocking).

El metode TPB va ser proposat per Desmet i col-laboradors I'any 2007 [11] i es basa
en fer passar un solvent organic completament immiscible amb la fase mobil per la
columna, de tal manera que aquest solvent ompli totalment els porus de la fase
estacionaria i hi quedi retingut, procediment que convertira les particules poroses de
fase estacionaria en particules totalment llises i solides. D’aquesta manera, en no
existir porositat interna ja que els porus estan bloquejats pel solvent organic, la
porositat calculada mitjancant I'equacié (6) equivaldra a la porositat externa. Per

bloquejar la columna se segueix un procediment consistent en tres etapes:

1) Fer passar isopropanol per la columna per tal de netejar-la de qualsevol fase

mobil anterior que pugui interferir en el procés de bloqueig.

2) Fer passar el solvent organic per la columna per tal de bloquejar els porus de les
particules de fase estacionaria. Alguns estudis han demostrat que el deca i el
dodeca sén els solvents més adequats per fases estacionaries silanitzades de

fase reversa.

3) Arrossegar el solvent organic de I'espai intersticial amb un tampd aquds. En

aquest pas és convenient utilitzar un cabal relativament baix per tal que el
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solvent organic, que en principi hauria de quedar-se retingut als porus degut a la
forta interaccié hidrofobica amb les cadenes apolars de la fase estacionaria,

romangui immobilitzat dins de les particules.

La figura 4 recull de manera esquematica el procés descrit anteriorment, on cada

requadre recull una de les etapes descrites del procediment:

Etapal Etapa 2 Etapa 3

Figura 4. Successives etapes del métode TPB [11]

Altres métodes per determinar la porositat externa séon el préviament esmentat
metode ISEC (métode basat en la diferent retencié de polimers de diferent grandaria)
[12-15], el métode d’exclusié6 de Donnan (metode basat en I'exclusié de sal de
Donnan) [16] o la picnometria (métode basat en la diferent densitat de solvents
organics i els diferents pesos de la columna plena amb cadascun d’aquests solvents)
[17]. Un cop determinat el valor de la porositat externa, la porositat interna (ja sigui

Epart O &) és facilment determinable per diferencia mitjangant I'equacio 5.

1.2.3. Analisi pas a pas del rendiment cromatografic

Com s’ha comentat anteriorment, el rendiment d’'una columna cromatografica
s’avalua mitjancant I'equacié de van Deemter (equacidé (4)), una equacié que conté
tres termes (A, B i C) que expliguen I'eixamplament de banda. Si bé globalment aixo és
correcte, es pot aconseguir una analisi més detallada si es consideren, una a una, les
diferents contribucions estimades per cadascun dels termes de I'equacié de van

Deemter a I'algada de plat total obtinguda per a cada pic, tal i com mostra I'equacid

(7):

29



Introduccid

H = Ha + Hg + Hes + Hem (7)

on els subindexs de cada al¢ada de plat indiquen els diferents termes de I'equacié de

van Deemter.

1.2.3.1. Terme B de I'equacié de van Deemter

El terme B de I'equacié de van Deemter fa referéncia a la difusié longitudinal dels
analits dins de la columna cromatografica, és a dir, a la tendéncia que tenen a
expandir-se en la direccié de la fase mobil [18]. Un dels metodes més habituals a I’hora
de mesurar la contribucid que té aquesta difusié en I'eixamplament de banda és el

metode de peak parking (també conegut com a arrested elution [19]).

D’acord amb el treball de Knox i Giddings [20], el metode essencialment consisteix
en aturar el cabal de fase mobil durant I'elucié d’un analit aproximadament quan
aquest es troba al mig de la columna durant un temps conegut (entre 15 i 60 minuts
normalment) i, passat aquest temps, reprendre el cabal de fase mobil perqué el pic
acabi d’eluir-se. Tenint en compte que mentre esta “aparcat” dins la columna (d’aqui
el nom de peak parking) el solut no pot fer res més que patir els efectes de la difusio,
I'amplada que s’observi en els diferents pics cromatografics obtinguts per a diferents
temps d’aparcament sera Unicament deguda a aquest fenomen i, per tant, al terme B

de I'’equacio de van Deemter.

i"4 |-=-t=025h

Intensity

Time (min)

Figura 5. Pics cromatografics obtinguts a diferents temps de peak parking [21]
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En aquest sentit, cal apuntar que és necessari realitzar una mesura correctora amb
un temps d’aparcament de 1 segon, per evitar que I'aturada i posterior posada en

marxa del cabal de fase mobil tingui efectes addicionals en I'eixamplament de banda.

En grafics el de com la Figura 5 es pot veure com varia la forma d'un pic
cromatografic en funcié del temps d’aparcament (t,q«) Unicament per I'efecte de la
difusié. Pero si bé veure graficament la influencia de la difusié és senzill, quantificar-la
és més complicat. En primer lloc, es considera que la variancia d’un pic (o,°) varia

linealment amb el seu temps d’aparcament d’acord amb la seglient expressio [21-23]:
AO.)% :2'Deff 'tpark (8)

En I'equacid (8) Deg és la constant de difusié del compost i la variancia esta
expressada en unitats de longitud. Per obtenir aquesta variancia espacial, cal obtenir
primer la variancia temporal per a cada pic reordenant I'equacid (1) i substituint el
temps de retencié pel temps total (temps de retencié + temps d’aparcament).
Posteriorment, aquesta variancia temporal es pot transformar en variancia espacial
multiplicant-la per la velocitat lineal del compost retingut uz (ug = L/tg, on L és la
longitud de la columna); per la qual cosa caldra fer una mesura del compost sense
aparcar-lo per obtenir el temps de retencié del compost [24]. Per ultim, caldra fer una
mesura amb un temps d’aparcament minim (normalment 30 segons) per eliminar
I’eixamplament de banda causat per I'apagament i posterior posada en marxa de les
bombes cromatografiques (per aturar i reestablir el cabal de fase mobil), mesura que
s’haura de restar a les mesures de peak parking obtenint aixi la difusié provocada

Unicament pel temps d’aparcament.

Un cop obtinguts els diferents valors de Ag,’, es pot obtenir facilment el valor de
D.g, valor que es pot correlacionar amb l'algada de plat associada al terme B de

I’equacid de van Deemter mitjancant la seglient relacié [22]:

2-D
Hy=—%(1+k") (9)
Ug

on up és la velocitat de la fase mobil, un parametre que es determina dividint la

longitud de la columna (L) pel temps mort del sistema (ty).
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Si es desitja obtenir una avaluacié encara més detallada de la difusié dels analits, el
parametre D¢ es pot dividir entre la difusié en I'espai intersticial de la columna (Dp,),
constant per a cada combinacié de compost i fase mobil perd que no depeén del factor
de retencio, i la difusié dins dels porus de la fase estacionaria (Dp.r per a particules
totalment poroses, D,, per a particules de tipus core-shell), que si depén del factor de
retencié. El parametre D, es pot trobar tabulat a la literatura o es pot calcular
mitjancant expressions com per exemple I'equacié de Wilke-Chang [25]. Per altra
banda, pel que fa al terme D,, existeixen diferents aproximacions més o menys

acurades que permeten el seu calcul.

1.2.3.2. Terme C de I’equacid de van Deemter

Tot i que la difusié dels analits es recull basicament en el terme B de I'equacié de
van Deemter, també el terme C; de I'equacié mostra una certa dependencia d’aquesta
difusid. Aixi doncs, la previament esmentada difusié de I’analit en la zona porosa de les
particules (D,,) també afecta a la resistencia a la transferéncia de massa, és a dir, al pas
del propi analit d’'una fase a I'altra, per tant la seva determinacio resulta essencial per
a estimar la contribucié del terme C; de I'equacié de van Deemter a I'eixamplament de
banda. Ara bé, la determinacio de Dy, no és un procés gens senzill. Tradicionalment, el
metode més freqiient per a determinar el valor de D,, era el residence time weighted
model (RTW-model), un metode introduit per Knox [22], Stout i de Stefano [26] i
Giddings [27], perd estudis recents demostren que aquest model no estima la
dependencia amb el factor de retencié de manera acurada, fet que ddéna lloc a que, en
ocasions, el RTW-model no sigui tant exacte com es voldria [28-30]. Com a
procediment alternatiu, Desmet i col-laboradors proposen I'estimacié de Dy, a través
de la effective medium theory (EMT), un model capa¢ de predir propietats en medis
binaris heterogenis i que, en aquest cas, entén la columna cromatografica com un
medi heterogeni que consta d’una zona intersticial i d’'una zona formada per les
particules de fase estacionaria. La relacié de volums entre les dues zones pot obtenir-

se mitjancant un estudi previ sobre la porositat de la columna.

Tenint en compte que el terme Cs fa referéncia a la transferencia de massa en la

fase estacionaria, el primer que cal fer per coneixer la relacid entre aquestes particules
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de la fase estacionaria i la difusid observada és eliminar la part de la difusié en I'espai
intersticial de la columna. Aix0 es pot aconseguir a través de I'aproximacié de Maxwell

al model EMT [31].

D’acord amb la literatura [24,30], la constant de polaritzabilitat (£;) es defineix

mitjancant I'equacié (10):

1 Ve &(1+K")-1
gL L oK) (10)
1—£2+7eff-5T(1+k)

on J és la difusié efectiva (yeg = Deg/Dm). Utilitzant dades experimentals de porositat i
de difusié obtingudes previament, és senzill determinar aquesta constant. A partir del
valor de la constant de polaritzabilitat, per a particules esferiques (com és el cas), es
pot obtenir la permeabilitat relativa de la particula (atperr) @ través de la seglient
expressio:
part 125 (11)
1-5

Si s’aplica I'aproximacié de Maxwell a la teoria EMT, es pot trobar la difusié de

I’analit dins de la particula (Dpqrt) a través de I'equacio (12):

_ Cpan (1 B ‘9)

_eT(1+k')—g " (12)

part

La conversi6é de Dyq €n D,, dependra del tipus de particules de fase estacionaria
que s’estiguin analitzant. En el cas de particules completament poroses ambdds
parametres sén totalment equivalents ja que la zona porosa és la totalitat de la
particula. Per altra banda, en el cas de particules amb nucli central dur (core-shell)
I'aproximaci6 EMT permet la determinacié de D,, [30,32], per la qual cosa cal

relacionar les diferents difusions mitjancant la seglient expressio:

Dpart — 2
D, 2+p°

pz

(13)

on Dy, fa referencia a la difusié Unicament en la zona porosa de la particula mentre que

p és la relacié entre el diametre del nucli solid i el diametre total de la particula.
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Un cop coneguda la difusio dins de la zona porosa, es pot calcular la contribucio de
la resistencia a la transferencia de massa de la propia fase estacionaria [33] mitjangant
I'equacié (14):

2 1 kv d}
@+k"7 'D

pz

H, ==
“  asSh

part

(14)

En aquesta equacid, a és un coeficient relacionat amb la forma de la fase
estacionaria que equival a 6 en particules esferiques [33,34], k” es defineix com el
factor de retencidé zonal i equival al factor de retencid associat a un t, Unicament
intersticial (k”” es relaciona facilment amb el factor de retencid a través de valors de
porositat), u; és la velocitat intersticial de la fase mobil i d, és el diametre de les
particules de la columna. Per ultim, Shyq és el nombre de Sherwood de la particula, és
a dir, el coeficient de transferéncia de massa en la particula, un parametre que es

regeix per la segiient expressié [35]:

4 1-p°
P =~ L (15)
3i_gp3+§p5_gps
15 3 5 3

on p és la previament mencionada relacié entre el diametre del nucli i el diametre de

la particula. Per a particules de tipus totalment pords, el valor de Shy: és de 10.

Per altra banda, la contribucié de la resistencia a la transferencia de massa de la
fase mobil també es pot estimar, pero cal tenir en compte que és una determinacio
menys fiable ja que es basa en dues aproximacions que poden no ser del tot correctes.
Una d’elles és considerar que el cabal de fase mobil és pla quan més aviat té una
naturalesa parabolica [36], mentre que l'altra esta en l'estimacié del nombre de
Sherwood, ja que la correlacié utilitzada només s’ha verificat en velocitats de cabal
més elevades de les que se solen utilitzar habitualment en HPLC [34]. Aixi i tot, la millor
manera de coneixer la contribucio de Hep, és a partir de I'equacié (16) [33,34]:

21 K e 4y
" aSh, (1+k"F1-¢ D,

c u; (16)

on la majoria de parametres tenen el mateix significat que en I'expressié que estima

H¢s (equacid (14)) i on Shy, representa el nombre de Sherwood de la fase mobil.
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1.2.3.3. Terme A de I'equacio de van Deemter

La contribucié a I'eixamplament de banda deguda al terme A de I'equacié de van
Deemter és possiblement la més complicada d’avaluar, ja que no hi ha una manera
senzilla de determinar-la amb exactitud. Inicialment, van Deemter va considerar el
terme A com un parametre proporcional al diametre de particula (d,) de la columna (A
= 2Ad,), on A és simplement una constant de proporcionalitat, perd posteriorment ha
guedat demostrat que aquesta estimacid no és tan senzilla. Giddings va desenvolupar
la teoria de I'emparellament (coupling theory) [27] en la que s’afirmava que a
velocitats altes aquesta relacid era correcta perque la dispersié d’eddy anava regida
pel cabal de la propia fase mobil perd que a velocitats més baixes aquesta dispersid
també estava controlada per la difusio de I'analit [27,37]. A més, tenint en compte que
la dispersio d’eddy esta provocada per les irregularitats de velocitat de la fase mobil,
Giddings va enumerar fins a cinc tipus de contribucions diferents per explicar les
diferéncies de velocitat en funcid de la distancia que les separava. Aixi doncs, per
explicar la dispersié d’eddy de forma completa caldria avaluar les diferéncies de
velocitat entre particules adjacents (trans-channel), en un diametre de poques
particules (short-range inter-channel), en un diametre d’'un nombre notable de
particules (long-range interchannel), en el diametre sencer de la columna (trans-
column) i dins de la propia particula (trans-particle) [27,38]. Tot i que estudis posteriors
van permetre negligir I'efecte trans-column i eliminar |'efecte trans-particle [8], resulta
molt complicat fer una bona estimacié de la dispersié d’eddy total quan sén tants els
factors que hi intervenen. Altres models que s’han proposat al llarg del temps per
determinar la dispersié d’eddy, com podrien ser el model de Huber [5], el model de
Horvath [7] o el model de Bouchaud [39], si bé son correctes quant al fonament no sén

prou acurats per a la quantificacié [37].

Aixi doncs, degut a la gran complicacié que suposa la determinacié directa de la
dispersio d’eddy, la manera més logica de realitzar aquesta estimacié és per diferéncia
amb la resta de contribucions de I'equacié de van Deemter a I'alcada de plat total
d’acord amb I'equacié (7). Tot i aix0, cal tenir en compte que es tracta d’'una estimacio
forga aproximada ja que la determinacié de Hc, es basa en aproximacions que poden

no ser del tot correctes.
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1.2.4. Caracteritzacio global

La caracteritzacié pas a pas del rendiment de columnes cromatografiques és un
procediment forca interessant i Util per a la indUstria pero, en ser un procediment
bastant extens i detallat, també esdevé forca laborids ja que dur a terme una
caracteritzacid completa requereix una quantitat significativa de temps. Aixi doncs, un
meétode sistematic i relativament automatitzat que permetés caracteritzar la columna,
analitzar les diferents contribucions a I'eixamplament de banda segons I'equacié de
van Deemter i avaluar el seu rendiment i eficacia globals seria una eina de treball forca
interessant ja que, en gran mesura, facilitaria la feina als membres de la comunitat
cientifica que necessitin fer aquest tipus de determinacions. L'obtencié d’una eina

d’aquestes caracteristiques ha estat un dels objectius d’aquest treball.
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1.3. CARACTERITZACIO DE FASES MOBILS
CROMATOGRAFIQUES

En RP-HPLC, la fase mobil és un solvent de caracter polar que arrossega els analits a
través de la columna i, generalment, consta d’una fraccid de caracter aquds
(habitualment tamponada) i d’'una altra fraccié de caracter organic. La relacié entre
aquestes dues fraccions afectara en gran manera les propietats de la propia fase mobil,
la més rellevant de les quals és la d’eluir diferentment els diversos compostos d’una
mescla problema. Aquesta propietat es relaciona directament amb la polaritat i, pels
compostos amb propietats acid-base, amb el valor de pH de la mescla hidroorganica.
Es ben sabut que la polaritat és una propietat que depén directament de la composicié
de la fase mobil, és a dir, de la proporcié de les seves fraccions aquosa i organica, pero
cal fer émfasi en queé el valor de pH d’una fase mobil tamponada també és funcid de la
seva propia composicié [40,41]. Aquestes dependéncies resulten critiques a I’hora de
caracteritzar una fase mobil i d’avaluar la retencié cromatografica. Addicionalment, si
la fase mobil va arrossegant un analit amb propietats acid-base pel sistema
cromatografic, el pK, d’aquest ultim també es veura afectat pel contingut de
modificador organic d’acord amb la naturalesa del propi analit. Aixi doncs,
caracteritzar una fase mobil de forma correcta implica necessariament una bona
avaluacio tant de la variacid de la polaritat i del pH de la fase mobil, com de I'efecte

d’aquesta fase mobil en el pK, dels analits que elueixi.

1.3.1 Estimacio de la polaritat

Al llarg del temps, s’han proposat diversos parametres de mesura de la polaritat de
mescles hidroorganiques. Un dels més coneguts és potser el parametre de Dimroth-
Reichardt, Ef(30), un parametre basat en I'energia d’excitaci6 de [Iindicador
solvatocromic anomenat Ex(30) [42] i pel qual s’ha observat una dependeéncia lineal
amb la retencié cromatografica de compostos neutres obtinguda a partir de fases

mobils amb diversos continguts de modificador organic [43—45]. A partir d’aquesta
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relacio lineal, es va establir un nou parametre normalitzat de polaritat del solvent que
es va denominar P,," i que es va establir com a parametre de polaritat de la fase mobil
en el marc d’'un model de polaritat per a la retencié en cromatografia de liquids [46].
Les relacions establertes entre el parametre P,," i la fraccié de modificador organic en

la fase mobil sén funcié de la naturalesa del solvent organic que es faci servir [46—49]:

2,13¢

PY(MeCN)=1- ——"—""_ (17)
1+1,42¢0

P (MeOH)=1— 337 (18)
1+0.47¢

on les abreviacions MeCN i MeOH fan referéncia a mescles hidroorganiques que
continguin acetonitril i metanol respectivament. Com que les fases mobils
habitualment contenen acetonitrii o metanol com a modificador organic, per
caracteritzar-les és imprescindible coneixer la relacié entre PmN amb la naturalesa i
fraccio (¢) de solvent organic a la fase mobil (equacions (17) i (18)). En el cas que el
modificador organic no fos ni acetonitril ni metanol, s’hauria d’establir una equacié

similar perd amb els seus propis coeficients numerics.

1.3.2. Mesura del pH

El pH d’una solucié es defineix com el logaritme decimal negatiu de I'activitat de I'ié
hidrogen; magnitud relacionada amb la seva concentracié a través del coeficient
d’activitat. Aquest coeficient equival a la unitat quan s’assoleix I'estat estandard de
I'activitat de I'ié hidrogen que, en el cas de l'aigua, és el de dilucid infinita. Ara bé,
guan es considera I'estat estandard d’una mescla hidroorganica (com podria ser una
fase mobil) es pot escollir entre dos estats estandard diferents: la ja esmentada dilucid
infinita de I'ié hidrogen en aigua o bé la dilucié infinita de I'ié hidrogen en aquesta
mescla hidroorganica concreta. Aixo déna lloc a dues escales diferents de valors de pH,

en |'escala ; pH I'estat de referencia és el proto a dilucié infinita en aigua mentre que

en l'escala [pH l'estat de referencia és el protdé a dilucid infinita en la mescla

hidroorganica. Els indexos que figuren a I'esquerra del simbol sén els indiquen com es

realitza la mesura i en quina escala de pH es treballa. En aquest sentit, el superindex
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déna informacio sobre el medi en el que es fa la determinacié del pH mentre que el
subindex fa referéncia al solvent per al qual s’agafa I'estat estandard; en ambdds casos
w significa aigua i s significa mescla hidroorganica (o qualsevol altre solvent organic).
Aquesta nomenclatura és la que esta aprovada per la IUPAC [50]. A efectes practics,
I'eleccié del solvent per al qual el coeficient d’activitat a dilucid infinita és la unitat
(estat estandard) es veu reflectida en el medi de calibracié de I'’eléctrode de pH, una
calibracio prévia en tampons aquosos ddna lloc als valors de ; pH mentre que a partir
d’una calibracié en el mateix solvent hidroorganic en el que es fa la mesura
s’obtindrien valors de {pH. Per a mesures de pH en un medi totalment aquds
s’utilitzaria I'escala de / pH, que no és altra cosa que una escala ; pH on el solvent s és
aigua (w), pero aquesta escala en cap cas es podria utilitzar per a obtenir el pH d’una
mescla hidroorganica, ni abans de barrejar la solucié tamponada i el solvent organic ni,

per descomptat, un cop ambdds solvents estiguin mesclats.

El { pH presenta un gran inconvenient experimental ja que, com l'escala és diferent
per a cada solvent i fraccié de modificador organic, caldria preparar tampons de
calibracio per a cada composicio de fase mobil en la que s’hagués de mesurar el pH, fet
que fa quasi impossible el seu Us practic. Per altra banda, els valors de ’ pH si que es
poden correlacionar entre si ja que el seu estat estandard és el mateix en qualsevol

cas. Tanmateix, és possible obtenir dades de ;pH donat que els seus valors es poden

relacionar amb els de ° pH a partir de la seglient expressio [51-54]:
WwpH = pH+ S (19)

Tot i que la relacié sembla senzilla, el sentit fisic del terme 6 és forca complex.
Aquest terme es basa en les contribucions de I'efecte primari del medi (que esta
relacionat amb el canvi en I'energia de Gibbs en la transferéncia d’ions H) i de la
diferéncia en el potencial d’unié liquida del sistema d’eléctrodes entre el solvent
hidroorganic i la solucié aquosa. Per tant, § depen practicament en la seva totalitat de
la composicio de la fase mobil. La determinacié d’aquest parametre, tant en mescles
d’aigua amb metanol [43,44,53,55] com amb acetonitril [54,56,57], ha donat lloc a
equacions (20) i (21), que permeten l'estimacid de & uUnicament en funcié del

percentatge de modificador organic present a la fase mobil [58,59]:
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—0.4460%.cx

- : (20)
1-1.316¢,,,0y + 0.43302,.cn

_ 0.090e01 — 0-1194.0n (21)
1—3.150,,01 + 3.510% 00 — 1.3502 00

on @uecn | @meon fan refereéncia a la fraccié en tant per u d’acetonitril i de metanol en la
fase mobil, respectivament. Aquestes equacions no son aplicables per a tot I'interval
de fraccié organica de la fase mobil; en metanol es poden fer servir de manera fiable
fins a un 80% en volum mentre que per acetonitril només es poden utilitzar fins a un

60% en volum de fraccié organica en la fase mobil.

1.3.3. Evolucio del pH de la fase mobil amb la fraccio
de modificador organic

Existeixen tres factors importants a I’'hora d’avaluar la variacié del pH d’una solucié
amortidora en funcié de la quantitat de solvent organic que se li afegeixi. El primer és
la propia concentracié del tampd, ja que com més quantitat d’agent amortidor hi hagi
en la solucié més petita sera la variacié del seu pH en afegir la mateixa quantitat de
solvent organic. Analogament, com més gran sigui la fraccié de modificador organic,
més diferencia hi haura entre els valors de pH i de °pH. Pero el factor més
important és la naturalesa de I"agent amortidor. Com a norma general, el valor de ° pH
de les solucions amortidores preparades a partir de substancies amb caracter acid (ja
siguin neutres o anidoniques) tendeix a pujar quan s’afegeix una fraccido de solvent
organic a la solucié tamponada (per exemple tampons d’acid fosforic, acid acetic, acid
formic, etc.). Per altra banda, si la solucié amortidora es prepara amb una substancia
de caracter basic, el °pH del tampd baixara conforme se li vagi afegint solvent organic
(per exemple tampons d’amoni, TRIS, pirrolidina, etc.). Aquesta diferéncia de
comportament pot explicar-se a partir de la teoria establerta per Izmailov [60], que
relaciona la constant d’acidesa dels compostos amb les seves interaccions
electrostatiques, acidesa i basicitat intrinseques i altres efectes de solvatacié. Tot i

aquest comportament general, el valor de ; pH de les solucions amortidores tant de
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caracter acid com basic augmenta bruscament a fraccions molt elevades de

modificador organic.

Tot i que mesurar el valor real de ° pH d’una fase mobil és senzill, aquesta mesura
no és facil en un procés d’elucié en gradient ja que el percentatge de modificador
organic varia durant I’elucié. Per aquest motiu, el que cal fer és estimar-lo per a cada
moment d’elucié. Tot i que la literatura proposa aproximacions que permeten
modelitzar com canvia el pH en funcié de la composicié de la fase mobil [61,62], la
manera més habitual i més senzilla d’estimar el pH de la fase mobil durant una elucié
en mode gradient és a través de diverses mesures de valors de °pH en mode isocratic
i, posteriorment, I'ajust d’aquests valors a una equacié que podra ser més o menys

complexa en funcié de la precisié requerida.

1.3.4. Evolucid del pK, de I'analit amb la fraccio de
modificador organic de la fase mobil

D’una manera semblant a la definicié del pH, el pK,; d’'un compost és el logaritme
decimal negatiu de la seva constant d’acidesa. De fet, el pK; de I'analit i el pH d’una
solucid sén dues propietats fisicoquimiques que es poden relacionar matematicament
a través de la coneguda equacid de Henderson-Hasselbalch:

pH = pK, +IogC—A (22)
Cria

on ¢4 i cys SON les concentracions de solut en la seva forma desprotonada i protonada,
respectivament. Aquesta equacid es compleix sempre independentment de 'escala en
la que estiguin els valors de pH, pero aixo significa que els valors de pK; estan en la

mateixa escala i que, com en el cas del pH, el pK, es pot expressar en valors de |/ pK,,

~pKa 0 {pK,, on les lletres s i w tenen el mateix significat que en el cas del pH. Aixi

doncs, ambdues propietats mostren un comportament semblant quan s’afegeix una
certa quantitat de solvent organic a una solucié aquosa. Els soluts amb caracter acid
(com els fenols o els acids carboxilics) veuran com creix el seu pK, conforme augmenta

la fraccio de modificador organic afegida mentre que els compostos amb caracter basic
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(com les amines o les piridines) experimentaran un descens en el seu valor de pK,. Per
ultim, tal i com també passa amb el pH, és possible utilitzar el parametre 6 a I'hora de

transformar valors de ; pK; en valors de { pK, [63].

Ara bé, en una elucid en mode gradient on la composiciéd de la fase mobil varia
constantment (i, per tant, el valor de ;pK, del compost), no és tan senzill estimar
I’evolucié d’aquest pK, com ho és estimar I'evolucié del pH. El métode experimental
per dur a terme aquesta estimacié consisteix en mesurar la retencié del compost en
mode isocratic a diversos valors de °pH perfectament coneguts (es podria fer també
amb valors de {pH, pero no resulta practic a nivell experimental) i, posteriorment,

substituir les dades obtingudes a l'equacid fonamental de retencié d’analits
ionitzables:

 kya +ky 107775

k 14 10PHPKa

(23)

on kya i ka sOn els factors de retencié de la forma acida i la forma basica de I'analit,
respectivament (també definides com a formes protonada i desprotonada). Les

carregues de les diferents especies s’han omés per simplicitat.

L’equacidé anterior descriu una corba sigmoide quan es representa graficament el
factor de retencié d’un analit ionitzable front el pH de la fase mobil, el punt d’inflexié
de la qual equival al valor de pK, que es vol determinar. Repetint el procés per a
diverses composicions isocratiques de fase mobil s’obtenen valors de pK, a diferents
fraccions de modificador organic i, per tant, és possible ajustar els valors obtinguts a
una equacio tal i com es fa també amb els valors de pH. El gran avantatge que té
aquest métode és que, en ser un meétode experimental, permet obtenir una bona
estimacio de I'evolucié del pK, pero, per contra, requereix una gran quantitat de

treball experimental.

Com a alternativa, la literatura proposa equacions que permeten estimar el valor de
-~ pKa de les substancies en funcio6 del seu grup funcional. Aquesta idea neix del treball
de Chantooni i Kolthoff [64], qui van ser els primers en proposar una relacié lineal
entre els valors de {pK, i | pK, per a compostos d’una mateixa familia que responia a

I’expressid que es mostra a I'equacio (24):
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<PK, =a,, pK, + b, (24)

on el pendent as fa referéncia a la resolucié de la for¢a acida (d’una determinada
familia de compostos en un solvent hidroorganic, o completament organic, en
referéncia a I'aigua) mentre que el terme independent b reflecteix les diferencies
entre les interaccions del compost en medi aquds i en medi hidroorganic o organic.
Aquesta relacio per a les diferents families de compostos ha estat ampliament tractada

en la literatura [65-71].

El desenvolupament d’aquesta expressio lineal per a mescles hidroorganiques [72—
74] va donar lloc a expressions especifiques per a aquests dos parametres as i b, tal i

com es mostra a les equacions (25) i (26):

2
as — 1+051(P+asz¢2 (25)
1+ as3¢ + 054(0
b+ b, P’
= 1 2? (26)
1+ bs3¢) + b54¢)

En aquestes dues equacions, ds;, Asy, Us3, Os4, bs1, bsz, bs3 i bsy sON coeficients d’ajust
constants per a cada familia de compostos mentre que ¢ és, com sempre, la fraccié de
modificador organic en la fase mobil. Estudis experimentals presents a la literatura han
permes donar valors d’aquests coeficients per a algunes families de compostos tant

per acetonitril [57,75] com per metanol [72—74], valors que es recullen a la Taula 1.

Taula 1. Coeficients d’ajust que permeten el calcul dels parametres as i b

Mescles hidroorganiques amb acetonitril

0,4 as, O3 Oy b; b, bz bss

Acids carboxilics alifatics 9.97 -8.59 8.83 -8.72 -0.68 9.94 8.45 -8.59
Acids carboxilics aromatics 52.04 -10.93 49.33 -32.69 -5.32 8.99 22.56 -23.21
Fenols 10.05 -10.04 7.97 -8.37 -5.33 9.95 0.19 -0.70

Amines -0.73 -0.27 -0.87 -0.12 -1.82 2.25 -1.75 0.90
Piridines -1.67 0.67 -1.66 0.67 -1.78 1.89 -0.58 -0.40

Mescles hidroorganiques amb metanol

ay; as, O3 U4 b, b, bz b,

Acids carboxilics alifatics -1.406 0.680 -1.551 0.827 1.034 -0.898 -1.250 0.277

Acids carboxilics aromatics

. -1.189 0.190 -1.424 0.425 0.449 -0.429 -1.674 0.677
(amb orto-substituents)

Acids carboxilics aromatics

. -1.101 0.103 -1.516 0.518 -0.178 0.187 -1.699 0.702
(sense orto-substituents)

Fenols -0.656 -0.030 -0.844 0.133 -0.454 0.866 -0.017 -0.865
Amines -0.476 0.209 -0.400 0.158 -0.458 0.477 -1.674 0.690
Piridines 2.617 0.000 2.809 0.000 -1.733 1.763 -1.214 0.272
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Aquestes equacions son valides fins a un 100% de metanol perd només fins a un
60% en volum d’acetonitril excepte en el cas de les piridines, on les equacions han
pogut ser validades fins a un 100% gracies a les dades experimentals obtingudes per
Pawlak [76]. Per obtenir els valors finals de ;pK, que sén els més interessants
cromatograficament, cal sumar el parametre 6 als valors de pK, obtinguts, un

parametre que es pot calcular directament mitjangant les equacions (20) i (21) per
fases mobils on el modificador organic sigui metanol o acetonitril, respectivament,

donant lloc a I'expressio:
oK, =a,wpK,+b, + 0 (27)

Gracies a I'equacio (27), es pot estimar el valor real del ; pK, a qualsevol composicié
de la fase mobil unicament coneixent el seu valor de pK, en aigua ( pK,), dada que es

pot trobar amb relativa facilitat a la literatura [77-79].
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1.4. RETENCIO EN CROMATOGRAFIA DE
LiQuIDS D’ALTA REsoLUCIO (HPLC)

La capacitat més important de la cromatografia de liquids d’alta resolucio,
coneguda habitualment amb el nom de HPLC, és la de separar els compostos d’una
mescla partir de les diferents interaccions que aquests tenen amb les dues fases
cromatografiques. La manera més habitual de quantificar I'efecte d’aquestes
interaccions és mitjancant la mesura de la retencid, ja que les substancies que
interaccionin més amb la fase estacionaria estaran més retingudes i viceversa. Tot i
que des d’un punt de vista de fonaments és més correcte utilitzar el volum de retencio,
la mesura més habitual és el temps de retencio (tg), que és el temps que triga un analit
en recérrer la columna cromatografica. En el cas que una substancia no interaccionés
en absolut amb la fase estacionaria es tractara d’una substancia no retinguda, i el
temps de retencié mesurat sera considerat el temps mort del sistema cromatografic
(to). La relacié entre aquestes dues dades déna lloc al que es coneix com a factor de

retencid, k, tal i com es defineix a I'equacié (28):

(28)

La retencid de les diferents substancies es veu altament influenciada per les
condicions experimentals d’elucié (pH de la fase mobil, naturalesa i fraccié del
modificador organic de la fase mobil, etc.), per la qual cosa és for¢a habitual modificar
aquestes condicions per tal d’obtenir separacions de mescles més eficaces. L’habilitat
de poder predir quina retencié tindra un analit en funcié de les condicions
experimentals d’elucié abans de realitzar la mesura cromatografica pot resultar una
eina forca interessant, especialment de cara al desenvolupament de metodologies
analitiques que impliquin la separacié d’'una mescla de substancies. Per aquest motiu,
el desenvolupament i establiment de models que permetin la prediccid de la retencié

és un camp de gran interés en HPLC.
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1.4.1. Retencio de substancies neutres

Es considera una substancia neutra aquella que no presenta propietats acid-base en
I'interval de pH propi de la fase mobil i que, per tant, a efectes practics no es pot
ionitzar. Aquest és un fet forga significatiu ja que vol dir que la substancia es mantindra
invariable sigui quin sigui el pH de la fase mobil. Per tant, predir la retencié de
substancies neutres resulta relativament senzill ja que, atés que la seva retencié
només depéen de la polaritat de la fase mobil i és independent del seu pH, els diversos
models proposats per explicar la retencié d’aquest tipus de compostos només cal que
relacionin directament la retencié cromatografica (k) amb la composicié de la fase

mobil (¢).

1.4.1.1. Retencié en mode isocratic

El mode isocratic és un mode d’elucié en el qual la fraccié de modificador organic
en la fase mobil es manté constant durant tot el procés d’elucid i, per tant, les
propietats fisicoquimiques de la fase mobil involucrades en I'analisi cromatografica,
com per exemple la polaritat (P,"), no variaran durant el procés d’elucié. En
conseqliencia, predir la retencid de compostos neutres en elucions isocratiques
resulta relativament senzill degut a que tant la composicié de la fase mobil com els
parametres que en depenen mantindran un valor constant durant la totalitat del

procés.

Tot i que inicialment es va proposar una relacié lineal entre la retencié (log k) d’'un
compost i la fraccié6 de modificador organic en la fase mobil (¢) [80] esta demostrat
gue aquesta relacié dona lloc a desviacions massa significatives [81], per la qual cosa
una relacié quadratica com la que es mostra a l'equacid (29) resulta forca més

adequada [82]:
log k=c, + 0+ C,p° (29)

A més de l'expressié quadratica, la literatura n’ofereix d’altres que relacionen
aquestes dues variables, expressions normalment basades en coeficients empirics o
semiempirics [1,83—-85]. Una d’aquestes expressions és |'equacid (30), expressid que

esta basada en els tres parametres empirics a, b i c:
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c
log k,=a - 1 +(Z(p (30)

a, b i c sén constants per a cada solut i especifics de cada sistema cromatografic,
entenent per sistema cromatografic el conjunt de columna i tipus de modificador
organic. Aquest model, model de tres parametres d’ara en endavant, s’ha fet servir
amb éxit per predir temps de retencid de molts compostos neutres [86—88].
Addicionalment, aquest darrera equacidé també s’ha utilitzat amb éxit en mode

gradient [89].

Alternativament als models que relacionen la retencid (k) i la fraccié de modificador
organic (¢), també es va proposar que la retencié dels analits podia no expressar-se
directament mitjangant la fraccié de modificador organic sind a partir de descriptors
de polaritat de la fase mobil, com per exemple el de Dimroth-Reichardt, E7" [45]. Aixi
doncs, en utilitzar aquest parametre en la seva versid normalitzada, s’obtenia la

seglient expressioé [47]:
log k=q'+p'EY (31)

En I'equacio (31) s’inclouen dos descriptors propis de cada solut, g’ i p’, aixi com el
descriptor de polaritat normalitzat de la fase mobil £7". Posteriorment, es va veure que
ambdds descriptors del solut estan correlacionats, per la qual cosa es va assumir una
relacio lineal entre g’ i p’ [46,90]. Aquesta relacié, que es va observar per a una gran

varietat de substancies, va donar lloc a una nova expressio:
log k=(log k)'o+p'(E¥, —EY) (32)

en la qual es troben un total de quatre descriptors que fan referéncia als diferents
factors que intervenen en el procés de retencié com el solut (p’), la polaritat de la fase
mobil (E7") o la polaritat de la fase estacionaria (E7"s). Per ultim, (log k)’o representa la
retencié de I'analit en el cas hipotetic que la polaritat de la fase mobil i de la fase

estacionaria fos exactament la mateixa.

Tot i que la correlacié entre log k i el parametre de polaritat de la fase mobil (E7"m)
és forca bona, esta limitada a un cert interval de linealitat (0-80% en volum per
acetonitril, 20-100% en volum per metanol). Per tal d’eliminar aquesta limitacio, els

parametres de polaritat basats en E; es van substituir pel previament esmentat
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parametre de polaritat de la fase mobil P,,", descrit per a acetonitril i per a metanol en
les equacions (17) i (18) respectivament. Aixi doncs, després d’aquesta substitucié
I’equacié (31) va donar lloc a I'equaciod (33), expressié que depén de dos parametres

empirics, p i g, i que d’ara en endavant sera anomenada model de dos parametres:
log k=q+pP,,'\,’ (33)

Per altra banda, la substitucié dels parametres de polaritat a I'equacié (32) va
requerir no només la preséncia del parametre de polaritat de la fase mobil P," siné
que també va necessitar la introduccié del seu homoleg de la fase estacionaria Ps". Aixi
doncs, es va obtenir I'equacid (34) que depenia només del parametre empiric p i que

és coneguda com a model d’'un parametre:
log k=(log k), +p(P,;V —PSN) (34)

Aquests canvis en els parametres de polaritat utilitzats van donar lloc a models de
prediccié que van permetre cobrir la totalitat de I'interval de composicions de fase

mobil (0-100% tant en acetonitril com en metanol) de forma fiable.

Dels quatre parametres que conté lI'equacié (34), només un depén de l'analit
d’interés (p), ja que P,," depén de la polaritat de la fase mobil i tant P, com (log k)o
soén parametres propis del sistema cromatografic (columna i tipus de modificador
organic). Ara bé, encara que aquests dos ultims siguin parametres constants per a cada
sistema cromatografic, cal determinar-ne el valor per tal de poder utilitzar el model de
prediccié. El métode més adequat per dur a terme aquesta determinacié és un
procediment conegut com a caracteritzaci6 de columna. Aquest procediment
consisteix en la mesura de la retencidé en mode isocratic d’un conjunt de 12
substancies predeterminades a diverses composicions de la fase mobil [47,91] i el
posterior ajust de les dades experimentals a I'equacié (33). Aquest ajust permet la
determinacié de valors independents de p (pendent) i g (ordenada a l'origen) per a
cada compost de caracteritzacio. Si posteriorment aquests valors s’ajusten a I'equacid
(35), resultant de substituir I'equacio (33) a I’'equacid (34), és possible obtenir els valors

de (log k)o i de P," per al sistema cromatografic:

qg=(log k), —pP, (35)
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Posteriorment, és recomanable sotmetre aquests valors inicials de (log k)o i P" a un
procés d’iteracid consistent en reduir la suma de minims quadrats entre els valors de
log k experimentals i els valors calculats a partir de I'’equacio (34) fins assolir un minim.
Aquest procés és utilitzat per tal de refinar els valors dels parametres propis del
sistema cromatografic i guanyar exactitud en la prediccid. Un cop els valors de (log k) i
PN sén perfectament coneguts, la retencié del solut només dependra del valor de p
d’acord amb I'equacié (34). Aquest model s’ha fet servir amb anterioritat de forma
satisfactoria per predir els factors de retencié de soluts neutres en RP-HPLC [41,47—-

49,86,91-95].

Un dels aspectes més interessants a I’hora d’establir models de prediccié és que
requereixin el minim treball experimental previ possible, fet que porta a buscar models
senzills o simplificacions sobre els models habitualment utilitzats. Un dels exemples
més clars esta en el préeviament mencionat model de tres parametres. Els tres
parametres experimentals de l'equaciéd (30) han de ser determinats de forma
simultania en condicions isocratiques abans de poder utilitzar-lo per realitzar les
prediccions, fet que requereix una quantitat considerable de treball experimental
preliminar. Per tal de reduir la feina experimental necessaria, es pot considerar b com
la constant d’equilibri del procés d’adsorcid entre el modificador organic i la fase
estacionaria, fet que doéna lloc a un valor constant [83]. Realitzant aquesta
aproximacio, s’arriba a I'equacio (33), una expressié que depen de dos parametres
[46,96] i expressa la relacid entre la retencid i la fraccié de modificador organic en la

fase mobil per mitja del parametre de polaritat Py,".

De totes maneres, el model de dos parametres segueix requerint un treball
experimental significatiu. Com ja s’ha vist, una possible simplificacié d’aquest model
consisteix en assumir una relacié lineal entre g i p, desenvolupant aixi un model que
depén només d’'un parametre [46,90] com és l'equacié (33). Aquesta equacié en
realitat implica tres parametres perd només un d’ells, p, és realment un parametre
variable que depén de cada compost en particular, ja que cal recordar que (log k)o i P."
sén constants per un determinat sistema cromatografic (és a dir, per a una mateixa
combinacid de columna cromatografica columna i tipus de modificador organic

utilitzat). El parametre p depen basicament de la polaritat del solut, els analits polars
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tenen valors baixos de p mentre que les substancies apolars tenen valors més elevats.
Tot i aix0, encara que en menor mesura, p també depén del tipus de modificador
organic que es faci servir i de la fase estacionaria utilitzada. Encara que existeixen
diverses maneres de determinar el valor de p, la més habitual i més senzilla és
realitzant un experiment en isocratic, essent suficient una sola mesura de la retencio, i
substituint el valor de retencié a I'equacié (34), sempre tenint en compte que el
sistema cromatografic estigui préviament caracteritzat. A més, aquesta mesura pot
realitzar-se a qualsevol fraccié de modificador organic de fase mobil, ja que la retencid
es relacionara amb la composicié de la fase mobil mitjancant el valor de PN

corresponent. Addicionalment, cal afegir que els valors de p tabulats o obtinguts

experimentalment poden correlacionar-se d’una columna a una altra [47,97].

Per ultim, encara que la seva aplicacio més habitual sigui la de predir temps de
retencid, cal afegir que aquest parametre p també esta relacionat amb alguns
parametres fisics de rellevancia, com per exemple el logaritme del coeficient de

particié octanol/aigua (log P,/w) [98,99].

1.4.1.2. Retencio en mode gradient

L’elucié en gradient és un dels metodes de treball més interessants i més emprats
en HPLC ja que, en ser un mode en qué la composicié de la fase mobil es pot fer variar
a voluntat durant I’elucid, es pot aconseguir la separacié completa de diferents soluts
en un temps relativament curt [1]. Per tant, un dels temes de major interés és el
desenvolupament de models que siguin capacos de predir el temps de retencidé en
mode gradient, ja que d’aquesta manera es podran optimitzar analisis i procediments,
fet que comportara un estalvi en temps i en recursos més que interessant. Aixi doncs,
s’han proposat diferents models capacos de descriure com es comporten i retenen els

analits durant I’elucié en RP-HPLC en mode gradient [86,89,100-109].

Una de les maneres de desenvolupar meétodes de prediccid de la retencid
cromatografica és partir de I'equacié fonamental de I'elucié en gradient [110-112],

gue respon a la seglient expressio:

tR 7t0

(36)
) tok
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En aquesta equacid, t; és el temps de retencié del solut, t, és el temps mort del
sistema cromatografic, mentre que k, és el factor de retenci6é del solut per a una
fracci6 de modificador organic de la fase mobil determinada (¢), composicid
expressada en tant per u. Entre totes les aproximacions a I'equacié fonamental de
I’elucié en gradient destaca la de Nikitas i col-laboradors, que van establir que el
gradient continu format en el mesclador és equivalent a una successié de multiples
fases mobils, cadascuna d’elles de concentracié fixa i amb una durada igual al
diferencial de temps 6t [88,89,113]. L’equacio (37), que dona resposta a I'equacié (36),

és la seglient:

T g t,

c

t0(1+k¢,)+t0k(p B

1 (37)

on dt. és l'interval infinitesimal de temps en el que I'analit esta sota la influencia d’una
concentracié concreta de fase mobil (de composicid @) i tp és el temps de residéncia
del sistema, és a dir, el temps que triga el gradient establert en el mesclador en arribar
al comencament de la columna cromatografica. Addicionalment, tp* és el temps de
residencia corregit del sistema, calculat a partir de la seglient equacio:

(1+kw,-")
k

Pin

ty¥=t, + (38)

on kyin és el factor de retencié del solut en les condicions inicials d’eluci6.

A partir de I'equacido fonamental de I'elucié cromatografica (equacié (36)) i de
I"aproximacié anterior (equacio (37)), la condicié que ha de complir un solut per eluir-
se és que la suma de la distancia relativa recorreguda pel propi solut en cada
composicid de fase mobil fixa sigui igual o superior a la longitud de la columna.

Aquesta condicié es mostra a la seglient expressio:

o, o ot
2 L _;tok¢21 (39)

En I'equacié (39), es substitueixen els diferencials de temps (d) presents en les
anteriors equacions per increments de temps (6). De cara a respectar el concepte
matematic del diferencial, se solen agafar els increments petits, temptativament de

0.01 minuts. Un cop es determina el valor n, que representa el valor enter més petit
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que fa que es compleixi la condicié necessaria per a I'elucid, es pot determinar el

temps de retencié mitjangant la seglient expressio:

n 1+k¢,
k¢’

tp =tp, *+ot (40)

i=1

Aixi doncs, a I’hora d’utilitzar I'equacioé (40) per determinar el temps de retencio es
fa imprescindible coneixer la relacié existent entre el factor de retencié dels analits (k)
i la fracci6 de modificador organic de la fase mobil (¢), relacid que s’explica

extensament en |'apartat anterior.

1.4.2. Retencio de substancies ionitzables

Es coneix com a analit ionitzable a aquell compost que presenta propietats acid-
base per la qual cosa, en funcié del pH del medi, pot estar en la seva forma neutra o en
la seva forma ionitzada. Per a un analit ionitzable, la relacié entre les concentracions
de la forma neutra i la forma ionitzada ve determinada per la constant d’equilibri acid-
base, que pren la seglient forma pels analits monoprotics:

oo 1

f%m (41)

on [HA] i [A] sbn les concentracions de la forma acida i de la forma basica de I'analit,
respectivament. Depenent de la constant d’acidesa, normalment expressada en forma
de pK; (el seu logaritme decimal negatiu) i del pH del medi, els compostos es trobaran
en la seva espeécie neutra o ionitzada. Cal recalcar que la constant d’acidesa s’expressa
mitjancant les activitats de les diferents especies, el parametre que es defineix amb les

concentracions de les diferents formes de I'analit és la constant d’acidesa K.

1.4.2.1. Retencid en mode isocratic

Tal i com passava per a la retencié d’analits neutres, la composicié de la fase mobil
constant en el mode isocratic fa que el seu pH aixi com el pK, de I'analit que s’elueix no
varii durant I’elucié cromatografica. Aquests dos parametres tenen una gran influéncia
en la retencid d’analits ionitzables, tal i com mostra I'equacié (23) [58,59,84,85,114].

En aquesta equacié també hi apareixen els factors de retencid tant de la forma acida
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com de la forma basica de I'analit (kya i ks respectivament); en aquest sentit cal tenir
en compte que la forma neutra d’una substancia es reté for¢ca més que la seva forma
ionitzada (en acids, la forma acida del compost sera I'espéecie neutra mentre que per

bases, la forma acida sera I'espécie ionitzada).

La Figura 6 és un exemple de representacid grafica de I'equacié (23) per a un acid i
per a una base monoprotica. A través de la figura, resulta senzill estimar de forma
aproximada tant el valor de pK;, del compost (en el seu punt d’inflexiéd) com els temps
de retencio de I'espécie neutra i de I'espécie ionitzada (en els bragos horitzontals de la

corba, on el temps de retencid més elevat és el que fa referencia a I'espécie neutra de

CH,

I'analit):
O : -
OH
« \ = CH,4

o
-

H,C~ N

pH pH

Figura 6. Exemple de corba de retencid per un acid (esquerra) i per una base (dreta)

Cal aclarir que, tot i que I'equacid original fa referéncia a factors de retencio, és
possible obtenir la mateixa relacié si es substitueixen aquests factors de retencié per
altres magnituds relacionades, com per exemple el temps de retencid, el temps de

retencid ajustat, el volum de retencié o el volum de retencid ajustat [58,59,115].

Aixi doncs, si es parteix de la base que la retenciéd d’un analit ionitzable és una
mitjana ponderada entre la retencio de I'analit en forma totalment neutra i la retencié

de I'analit en forma totalment ionitzada, s’obté la seglient relacid:
k=(1-D)k,, + Dk, (42)

on ky és el factor de retencid de I'espécie neutra de I'analit, k; el de I'espécie ionitzada i

D representa el grau d’ionitzacié de I'analit, és a dir, la fraccid en tant per u d’ionitzacio
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de l'analit (essent O per a l'analit en estat neutre i 1 per a l'analit en estat

completament ionitzat). D es defineix mitjangant la seglient expressio:

S 43
T )

on i, en analits monoprotics, pren el valor de +1 per a acids i de -1 per a bases [116].

Tal i com s’ha explicat als apartats 1.3.3 i 1.3.4, cal tenir present que afegir
modificador organic a una solucié aquosa tamponada altera el pH de la mateixa, aixi
com el pK;, dels analits que s’hi continguin, alteracié que dependra del volum i del tipus
de modificador organic que s’afegeixi. Per tant, el grau d’ionitzacié de I'analit en la fase
mobil de treball també variara en funcié de la fracci6 de modificador organic. Tot i
aixo0, quan I'elucié és en mode isocratic, ni el pH de la fase mobil ni el pK; de I’analit (ni,
per extensio, el seu grau d’ionitzacid) variaran durant I'elucid ja que la composicié de

la fase mobil es mantindra constant.

Un cop solucionada la modelacié de l'ionitzacié, cal integrar la retencid de les dues
especies de l'analit monoprotic (neutra i ionitzada) dins I'equacié (23) per tal de
desenvolupar un model robust. Una de les aproximacions que relaciona els factors de
retencié de les dues especies de I’analit consisteix en considerar que la retencio de la
forma ionitzada és una fraccidé de la retencié de la forma neutra [117,118], a través de

la simple expressio seglient:

k i
-] m
kHA
on els subindexs fan referencia respectivament a la forma desprotonada i protonada

de I'analit mentre que el parametre i equival al que s’ha fet servir en I'equacio (43).

Si s’introdueixen els parametres D i f (descrits en les equacions (43) i (44),
respectivament) a I'equacié (23) i es reorganitzen els termes s’arriba a la segiient
expressid, que permet la prediccié de la retencid d’un analit monoprotic en mode

isocratic:

log k=log k, +log [1—D(1— f)] (45)
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tenint en compte que log ky es refereix a la retencié de la forma neutra (no ionitzada)

de I'analit.

1.4.2.2. Retencio en mode gradient

Tot i que hi ha alguns articles on és tractada [119,120], la prediccid de la retencid en
mode gradient d’analits amb propietats acid-base no és un tema resolt i, per tant, es fa
necessari |'establiment de models robustos que permetin predir la retencié
cromatografica de compostos ionitzables. Aix0 resultaria de gran utilitat ja que
ajudaria a reduir el maxim possible el temps i els recursos dedicats al treball
experimental previ al disseny de métodes de separacié o de metodologies d’analisi en
HPLC. L'establiment de models per a la prediccié d’acids i de bases senzills i d’utilitat

practica ha estat un dels proposits d’aquest treball.

55






1.5. LIPOFILICITAT DE COMPOSTOS D’INTERES
BIOLOGIC | FARMACEUTIC

La lipofilicitat és una propietat que, en avaluar I'afinitat d’'una substancia per un
entorn lipidic, el que realment fa és donar una idea sobre les seves propietats
biologiques, farmacocinétiques i metaboliques [121-123]. Aix0 converteix la
lipofilicitat en un aspecte essencial dels compostos en el camp del descobriment de
nous farmacs (drug discovery), ja que la seva mesura pot donar una idea sobre com es
comportaran les substancies en sistemes biologics com podria ser, per exemple, el cos

huma.

La manera més habitual de mesurar la lipofilicitat és a partir del logaritme decimal
del seu coeficient de particié (log P), un parametre que reflecteix la manera com la
substancia es distribueix entre dos solvents immiscibles que es troben en equilibri. Tot
i que al llarg del temps s’han estudiat diverses combinacions de solvents, des dels
estudis de Hansch i Fujita [124] s’ha establert que el coeficient més adequat és
I'obtingut a partir d’aigua i 1-octanol com a solvents (habitualment conegut com a log
P,/w) ja que I'octanol, en constar d’'una cadena hidrocarbonada apolar llarga (Cg) i un
extrem polar (—OH), és el solvent que millor funciona com a model dels constituents
lipidics de les membranes biologiques. A més, I'octanol presenta altres avantatges
respecte altres solvents organics com per exemple una gran capacitat per dissoldre
compostos organics, la capacitat d’interaccionar amb molts grups polars diferents (ja
que és tant acceptor com donador d’enllagos per pont d’hidrogen) o una pressid de
vapor baixa que facilita poder dur a terme mesures reproduibles. Tenint en compte
que el sistema de particié octanol-aigua ja esta establert des de fa molt temps degut
essencialment a tots aquests punts a favor, existeix una gran acumulacié de dades

referides al sistema, ja siguin experimentals com estimades.

Tot i que aigua i octanol sén dos solvents aparentment immiscibles, cal tenir en
compte, pero, que l'aigua és moderadament soluble en octanol [125,126]. Aix0 per

una banda representa un avantatge ja que no cal que els grups polars sofreixin un
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procés de deshidratacid per ser transferits de la fase aquosa a la fase organica, pero
per altra banda cal tenir en compte que si es vol determinar valors de log P, de forma
experimental, caldra realitzar un procés previ de saturacié d’aigua en octanol per tal
que les mesures siguin fiables. La Figura 7 mostra com, efectivament, I'octanol i I'aigua

tenen una interaccio significativa.

Figura 7. Estructura de I'octanol (o) saturat en aigua (@), basada en mesures de

difraccid de raigs X [126]
Per calcular el log P,/ d’un compost cal relacionar les concentracions presents a
cadascuna de les dues fases mitjancant la segiient expressio:

log P,,, =log L (46)
c

w

on ¢, correspon a la concentracié de l'analit en la fase octanolica mentre que ¢,

correspon a la concentracio en la fase aquosa.

Tanmateix, el coeficient de particid és un parametre que només fa referéncia a
I'especie neutra del compost. Per tant, tenint en compte que la gran majoria de
compostos d’interes farmacéutic contenen grups funcionals ionitzables, es fa
necessaria una expressio que tingui en compte com es reparteixen totes les possibles
espécies d’'un mateix compost entre les dues fases. Per aquest motiu es defineix el
coeficient de distribucié (D) com la mitjana ponderada de la distribucié global de totes
les espécies del compost d’acord amb els seus diferents coeficients de particid i en

funcié del grau d’ionitzacié del compost [127]. O dit d’una altra manera, el coeficient
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de distribucié és una propietat que engloba els coeficients de particiéd de totes les
especies d’'un compost, entre els que es poden trobar la particié de I'espécie neutra, la
particié de I'espécie ionitzada, la particid dels parell idnics que es puguin formar, etc.
Aixi doncs, posant I'exemple d’un acid monoprotic (en el que coexisteixen la forma
neutra i la forma ionitzada del compost), la distribucié simplificada entre les dues fases

tindria I'esquema que es mostra a la Figura 8.

PKa

HAw <— A w)

alll e
1l 1l

Fase aquosa

> A Fase octanolica
HAq «—— A (o)

64
Figura 8. Esquema de la distribucié d’un acid monoprotic entre la fase aquosaii la

fase octanolica, on P" és el coeficient de particié de 'espécie neutra i P' és el coeficient

de particid de 'espécie ionitzada

En aquest cas concret, tenint en compte que el pH del medi i el pK; de la substancia
(tant el pK, aqudés com el pK,y aparent que tindra lloc a la fase octanolica)
condicionaran la concentraci6 de cada espécie en la distribucid, |’expressio
matematica que permetra la determinacio de la lipofilicitat és la seglient:

pV p'

- 1+ 10(PH—IUKU) + 1+ lo(pK”_pH) (47)

N . o . .. . . <. .
on P i P sén, respectivament, els coeficients de particid de I'especie neutra i de

I’espécie ionitzada del compost.

Tot i que I'estructura general de I'equacid anterior és valida per a qualsevol equilibri
d’espécies del compost a analitzar que puguin existir, en el cas concret dels equilibris
acid-base es sol assumir que les especies ionitzades no es particionen de forma
significativa cap a la fase organica. Per aquest motiu, tot i que no és totalment
correcte, aquest aspecte de la distribucio sol negligir-se i donar aixi lloc a una expressio

forca més senzilla:
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pN

BT .

Si es relaciona aquesta ultima equacié amb les expressions que defineixen el
coeficient de particié (equacié (46)) i la constant d’acidesa (equacié (35)), es pot
arribar a una expressié en que el coeficient de distribucié només depéen de les
concentracions de les diferents espécies en les diferents fases de I’equilibri:

[HA],

_ (49)
[HA],, +[A"],

log D=Ilog

en la que els subindexs fan referéncia a la fase en la que es troba aquesta

concentracid, w és la fase aquosa mentre que o representa la fase octanolica.

Aixi doncs, tenint en compte que el grau d’ionitzacié del compost juga un paper clau
en el seu coeficient de distribucié, parametres fisicoquimics com el pH de la fase
aquosa i el pK; de la substancia d’interés tornen a ser de gran importancia en la
determinacié de la particid. Per tant, tenint en compte que diferents valors de pH (el
pK, és constant per a cada compost i no es pot modificar) donaran lloc a diferents
valors de lipofilicitat, és forca habitual tamponar la fase aquosa de la particié per veure
com es distribueixen els compostos entre les dues fases a un determinat valor de pH.
En aquest sentit, el pH 7.4 es considera com un valor de pH de gran importancia en el
camp farmaceutic i bioldgic ja que és el pH de la sang, per la qual cosa el valor de
lipofilicitat en aquest pH (log D;4) resulta extremadament interessant degut a la seva
rellevancia fisiologica i similitud amb els processos de particid biologics reals. A més, el
log D74 esta considerat com un dels descriptors de lipofilicitat més rellevants per a
estudis d’absorcid, distribucio, metabolisme, excreci6 i toxicitat (ADMET)

[126,128,129].

Degut al seu gran interes, sbn nombrosos els estudis destinats a desenvolupar
metodes i procediments que permetin la determinacié de la lipofilicitat de manera
robusta, fiable i aplicables tant per determinar valors de log P,/ com valors de log D.
Entre ells, destaquen els meétodes potenciomeétrics [130-133] i els meétodes
cromatografics, que a la vegada, es poden dividir en els metodes que es basen en I'Us
del factor de retencié extrapolat a aigua pura (log k) [134,135], els que combinen la

retencid cromatografica amb I"Us de descriptors derivats de I'estructura dels
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compostos [98,136-140] i els que utilitzen I'index d’hidrofobicitat cromatografica,
conegut habitualment com a CHI [141,142]. Per altra banda, també existeixen métodes
de prediccié que utilitzen programes de calcul que estimen el valor de log P,/ d’una
substancia a partir de la seva estructura [143-146], una manera d’obtenir una
estimacio de la lipofilicitat forca rapida pero que té com a gran inconvenient que cada
programa respon a un algoritme diferent i, per tant, sovint porten a resultats diferents

gue poden concordar o no amb els valors experimentals [147].

Pero per sobre de tots ells, el métode classic per determinar valors de log P, és el
meétode d’equilibrament de fases, normalment conegut com a métode de shake-flask
[148]. Aquest procediment consisteix en mesclar en un mateix recipient una solucid
aquosa del compost d’interes amb una certa quantitat d’octanol (préviament saturat
amb aigua), agitar el recipient i posteriorment deixar que les dues fases se separin i
s’equilibrin de tal manera que el compost es distribueixi lliurement entre elles. Una
mesura posterior de la concentracid del compost en ambdues fases permet la
determinacié del valor de log P, o del log D. Per realitzar la mesura de la
concentracido en cada fase, les tecniques més utilitzades sén I'espectrometria i la
cromatografia de liquids. El métode de deteccié cromatografica utilitzat pot anar des
d’una senzilla deteccié per UV-Vis fins a la deteccid per espectrometria de masses, un
tipus de quantificacié que gracies a la seva elevada sensibilitat resulta especialment

util per a mesurar solucions en les que la concentracié del solut sigui molt baixa.

Per contra, el métode de shake-flask també presenta alguns inconvenients, com per
exemple la limitada solubilitat que poden tenir alguns compostos en la fase aquosa
(especialment compostos voluminosos de caracter organic), la possible formacio de
microemulsions o el fet de ser un procediment lent que requereix un temps llarg. A la
literatura es poden trobar estudis on aquests i altres inconvenients del shake-flask
s’analitzen en major o menor mesura [121,125,128,149-151]. De totes maneres, es
considera que els avantatges compensen amb escreix els inconvenients que presenta,
aixi que encara que és un meétode tedids i que requereix un treball experimental
considerable, la seva simplicitat i la seva semblangca amb els processos bioldgics de
particio real han fet que el métode de shake-flask sigui considerat com el metode de

referencia per a la determinacié de valors de lipofilicitat, tant log P,/ com log D [128].
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Tot i que tradicionalment els valors de lipofilicitat per shake-flask s’han obtingut
mesurant les concentracions de solut en ambdues fases, la injeccié d’octanol dins d’un
sistema cromatografic sol ser problematica ja que, donada la seva elevada viscositat,
és un solvent que tendeix a romandre dins del sistema i embrutar la columna
cromatografica. Per aquest motiu, Valkdé va proposar un procediment que requereix
només la mesura de la concentracié de la fase aquosa de la particié [151]; si es coneix
perfectament la quantitat d’analit present a la solucié i s’assumeix que no hi ha
absorcid de solut a les parets del recipient on es porta a terme el procés de particid, és
possible obtenir la concentracié de solut a la fase octanolica per diferencia. Aixi doncs,
desenvolupant els termes de I'equacié (46), es poden obtenir valors de log P,/ 0 de

log D, 4 a partir de la seglient expressio:

log D=Ilog ((%—1)3—‘”} (50)

on A és I'area del pic cromatografic corresponent a la solucié patré (necessari per tal
de coneixer la concentracié inicial d’analit), A, és l'area del pic cromatografic
corresponent a la fase aquosa de la particidé i V,, i V, son els volums d’aigua i octanol

(respectivament) amb els que s’ha realitzat la particid.

No obstant, tot i ser el métode de referéncia a I’'hora de determinar la lipofilicitat
dels compostos, el shake-flask és un métode que presenta algunes limitacions tant a
nivell d’optimitzacié del treball experimental i del temps invertit com a nivell
d’aplicacié. Avui en dia, a la industria farmaceutica cada cop es sintetitzen més
compostos candidats a farmac, de propietats més variades i en menys quantitat, per la
qual cosa cal adaptar el tradicional metode de shake-flask. Aixi doncs, les noves
necessitats de la industria fan necessaria la millora d’aguest métode, fent-lo apte per a
la determinacio de productes compresos en un interval ampli de lipoficilitat i utilitzant
poca quantitat de mostra. Un dels objectius d’aquest treball ha estat, doncs,
I’establiment de procediments adequats a les necessitats emergents de la indUstria

farmaceutica.
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1. Theoretical background

High-performance liquid chromatography (HPLC) is one of the
most widespread used techniques in the scientific community
thanks to its multiple applications [1—13]. HPLC users desire to
perform separations of an ever higher quality in ever shorter times,
which means that developers of chromatographic columns and
instruments have to continuously work in order to improve the
performance limits of the technique. Especially the column devel-
opment has been quite active lately and nowadays analyses can be
performed in very short times getting very good resolution and
symmetric peaks with very little band broadening [14—31]. Thus,
during the last years a lot of effort has been placed in improving
HPLC performance. Whereas many of these improvements were
made on the side of improving column robustness and the avail-
ability of better and more versatile selectivities, the present
contribution focuses on the “mechanical” qualities of the columns,
i.e., the column efficiency (represented by the number of theoret-
ical plates N) and the column permeability. Both parameters jointly
determine the overall chromatographic kinetic performance.

1.1. Efficiency and plate height models

The number of theoretical plates (N), and its derived measure,
the plate height (H = L/N) are the two most important parameters
giving a numerical value to the quality of a chromatographic peak.
The lower the plate height, the narrower, and hence the better, the
peak is shaped. Experimental ways to determine H and N are
described in Section 3. The most basic way to theoretically predict
the plate height one can expect for a given column with particle size
dp is via the well-known van Deemter equation:

H=A+§+(C5+C,,,)~u (1a)

h:a+g+(cs+cm)~u (1b)

where u is the linear velocity of the mobile phase, A stands for the
eddy dispersion (multiplicity of flow paths), B represents the
diffusion of the analyte, C is the resistance to mass transfer in the
stationary phase (C;) or in the mobile phase (Gy). Eq. (1b) repre-
sents the dimensionless form of Eq. (1a) due to the use of reduced

plate heights (h) and reduced velocities (), with h = H/d, and
v = u-dp/Dy,, where Dy, is the molecular diffusion coefficient of the
analyte. Typical values for the different terms in the reduced van
Deemter equation are a = A/d, = 0.5-1.0, b = B/Dp = 0.5—1.5 times
(1+k')and c = C~Dm/d,2, = 0.05—0.1 for a packed bed column when
considering reduced tp-based linear velocities. For columns packed
with core shell particles these values tend to be a bit smaller:
a=0.4-0.8,b=0.3—1.2 times (1+k’) and ¢ = 0.025—0.075. In these
expressions, k' stands for the retention factor of the analyte.

Eq. (1b) can also be written in a more explicit way, using an
expression generally referred to as the general plate height model,
which was first introduced by Lapidus and Amundson [32] and
later used by many renowned scientists in their work [33-38].
Many different expressions of this model have been used
throughout the years but they all can be expressed in an equation
like the following one [39,40]:

2y (1+K') kK2 w1 €

ha+ vj +2(]+k”)25%1—e
K_u_1 Dm

(1+K')? « Shpart Dpz

h=

+2 (2a)

wherein »; is the reduced interstitial velocity, hy represents the
band broadening contributions coming from the bed heterogeneity,
Yer is the effective longitudinal diffusion and Shy and Shpu,
respectively, are dimensionless numbers which represent the mo-
bile zone and particle zone mass transfer coefficients (also known
as Sherwood numbers). In addition, « is a shape factor (which takes
the value of 6 for the spherical particles in common packed bed
columns), ¢ is the external porosity of the column, Dy, is the
diffusion coefficient in the porous zone and k”is the zone retention
factor, which is the retention factor related to the interstitial vol-
ume. Because Eq. (2) is written in a dimensionless form, the effect
of d, on the band broadening is hidden in the value of h and the
reduced velocity.

In a simplified form, giving each of the 4 terms a symbolic name,
Eq. (2a) can also be rewritten in a form similar to Eq. (1b) as:

h= hA + hB =+ hCm + hCS (2b)

Although they look very different, one looking quite simple and
the other looking fairly complex, Eqs. (1) and (2) are very similar
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as they are grouped in four different terms. The first one is the A-
term (also known as eddy-dispersion) and represents the band
broadening related to the irregularities in the stream path that
molecules may take when traveling inside a chromatographic
column. As both analytes and mobile phase might travel following
different paths (around or inside the pores for example), this
potentially causes slightly different retention times for each
molecule [41]. The second term is the so-called B-term. This term
accounts for the longitudinal diffusion of the analyte inside the
chromatographic columns or, putting it in other words, the ten-
dency of the analytes to expand in a longitudinal way [42]. Finally,
the C-term accounts for the mass transfer kinetics, but it is split in
two because it relates to the stationary and the mobile phase in a
different way; this term describes the band broadening caused by
the time it takes for an analyte to go from the mobile phase to the
stationary phase and back [43].

Measuring the band broadening over a wide range of flow
rates and quantifying the peak quality using the plate height
value H (usually HPLC software gives the plate number N for
each chromatographic peak), and plotting these values as a
function of either the tp-or the interstitial time based linear
velocity (respectively up or u;, see Eqs. T-5 and T-4 in Table 1), a
plot commonly known as the van Deemter plot is obtained. In
these plots, the B-term dominates the left-hand side of the
graphic, since at lower flow rates the analytes have more time to
disperse by molecular diffusion, while the C-term is observed at
the right-hand side because at higher flow rates the mass
transfer times of the analyte are quite significant in relation to its
retention time. A minimum in this plate height vs. linear velocity
curve is observed where the column performance is the highest
[44,45]. The user should operate the column at the correspond-
ing flow rate to get the maximal efficiency out of that given
column.

An example of a van Deemter plot, using the reduced parame-
ters h and v, is shown in Fig. 1. The great advantage these reduced
parameters offer is that they are dimensionless, which allows the
comparison of the performance between columns packed with
particles of different sizes [45].

1.2. Permeability

The other key factor that determines the kinetic performance of
chromatographic columns is their permeability. Following Darcy's
law, the well-known equation that describes the pressure-drop of a
purely laminar flow of a fluid through a porous medium, the ve-
locity through a packed medium is linearly proportional to the ratio
of the pressure drop (4P), the viscosity of the mobile phase () and
the column length (L). The proportionality constant is generally
referred to as the column's permeability (K, expressed in mz),
which can be calculated as:

_unlL

K, = T (3)

The permeability of the column depends strongly on the particle
diameter (K, ~ dﬁ), it is therefore customary to calculate a dimen-
sionless counterpart, the so-called flow resistance (¢, see Eq. (T-
26)). This number describes the resistance the packed bed exerts
to the forward motion of the flow.

The main factor determining the flow resistance of a chro-
matographic column is its porosity. When handling this param-
eter, one should be aware that several types of porosity exist.
Total porosity (er) can be split in two different contributions (cf.
the two terms in Eq. (4)), and can be defined as the space inside
of the column occupied by mobile phase. The first, and usually

also the largest term in Eq. (4) is the external porosity (&), which
is the fraction of the column volume that is not occupied by
particles, i.e. the interstitial space between the particles in the
packed bed [46]. Typically, the value of ¢ does not change very
much and in most random sphere packings varies around a value
of approximately 0.38. The second term relates to the void space
inside the particles and is determined by the internal porosity
(epart):

er = (F-tg)/V = e+ (1 —¢&)-epart (4)

where F stands for the mobile phase flow rate, t; is the hold-up time
of the HPLC system and V represents the geometrical volume of the
column.

Finally, it should be taken into account that several different
velocities can be defined in a chromatographic column. All of them
can be calculated using the equations in Section 2:

- The superficial velocity (us) refers to the velocity of the mobile
phase through an empty column (T-3).

- The interstitial velocity (u;) is considered to be the velocity of the
solvent. It relates to the external porosity of the column (T-4).

- The chromatographic velocity (up) is also defined as the velocity
of an unretained species. It relates to the total porosity of the
column (T-5). It can also be determined by dividing the length of
the column by the measured t;. However, this determination
can be tricky since ty-markers are not always completely unre-
tained [47]. Furthermore, factors like the mobile phase
compressibility or the electronic delay might influence the
measurement significantly (typically leading to a slight upward
or downward drift when plotting F-tp against F instead of the
expected constant value).

Using each of the different types of velocity in Eq. (3), a different
permeability value and a flow resistance value are obtained. This
sometimes leads to some confusion about the proper theoretical
expression that needs to be used for ¢ and K,. Fortunately, the
different flow resistance definitions can be calculated from one
another in the same way as linear velocities (see Eqs. T-23 to T-25).
According to their definition, it can be expected that ¢s and ¢; are
independent of the intra-particle porosity, while ¢ describes how
the internal porosity of the stationary phase particles contributes to
the observed flow resistance. A more direct way to calculate flow
resistance using porosity values can be achieved by developing the
Kozeny—Carman equation until the following expression is
reached:

2

¢o = 180 %i‘é"[ (5)
where the value of 180 stems from calculations regarding the
specific surface of the particles and the Kozeny—Carman coeffi-
cient (which typically has a value close to 5). Other flow re-
sistances may be calculated by correcting the obtained value
with the corresponding type of porosity parameter or combining
Eq. (T-26) with any of the permeability equations (Eqs. T-23 to T-
25).

2. List of main performance and system parameters

Throughout history, chromatographic characterization has been
performed by means of a great amount of different separation
quality parameters. Some of them, the most common ones, are
listed in Table 1 together with the system parameters upon which
they depend.
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List of needed parameters for chromatographic column characterization.

Parameter

Meaning

Equation

System parameters
L

Column length (m)

4P Pressure drop (N/m?)

F Flow rate (mL/min)

deol Column diameter (mm)

S Column section (mm?) S = /4-(deot)® (T-1)
Vv Volume of the empty column (puL) V=S-1L (T-2)
U Superficial velocity us = F[S (T-3)
uj Interstitial velocity Uj = Ugfe (T-4)
up Velocity of an unretained compound (mm/s) Ug = usfer = Lfty (T-5)
d, Particle diameter (pm)

deore Core diameter (core—shell particles) (um)

n Mobile phase viscosity (kg/s-m)

Porosity parameters

er Total porosity (/) er = (F-to)|V =& + (1—&)-€part (T-6)

P

External porosity (/)

Measured, see Section 5 (¢ = 0.38 is good first guess)

Epart Void fraction of particle (/) epart = L i (T-7)
(1-¢)
epz Void fraction of porous zone (/) epz = ({'part}) (1-8)
=
P Ratio of core to particle diameter (/) p = deoreld, (T-9)
Performance parameters
to Hold-up time (retention time of ty-marker) (min) tyg = LJug (Measured) (T-10)
t Retention time in interstitial space (min) tj = to-erfe (T-11)
tr Total retention time (min) tg = to(1+k’) (Measured) (T-12)
K Phase retention factor (/) K = (tr — to)/to (T-13)
k" Zone retention factor (/) k"= (tg — t;)/t; (T-14)
Wy/2 OF Wyq Peak width at 50% or 13% of height (min) Measured
N Plate number (/) N 1Gfizz/Wfa (T-15)
H Plate height (mm) H=LIN (T-16)
3 tg —tg
Ry ij Resolution (/) Rg, = = R (T-17)
0.5 (w..,,, - w,,,‘)
o Peak variance (min?) P z,%/N (T-18)
. 2
Neg Effective plate number (/) Ny =N (] Ijk/) (T-19)
At Time window (min) At =tg— toor (T-20)
At= tRiast — tRfirst (T-Z])
np Peak capacity (/) np =1+ Atfwys (T-22)
Permeability parameters
Ko ug-based permeability (m?) Ko = (n-L2)/(AP-tg) (T-23)
Kyi Interstitial or u;-based permeability (m?) vi = Ko (efer) (T-24)
Kys us-based permeability (m?) Kvs = Kyi-e (T-25)
Fl ist.
¢ low resistance (/) o= df,/K,. (T-26)
Ey Separation impedance (/) Eo = H?[Kw (T-27)
Diffusion parameters
Hgp B-term band-broadening (mm) Measured (peak parking)
Dy, Molecular diffusion coefficient (mm?/s)
v Effective longitudinal diffusion _Hpup 1 "
eff el = 55, [T (T-28)
Degy Effective diffusion coefficient (mm?/s) Defr = YefrDm (T-29)
B1 Polarizability constant _ 1 ygper(1+k)—1 :
A T—e2+yeper(1+K) (T-30)
1+28
Qpart Relative particle permeability Gpart =7 ﬁ‘] (T-31)
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Table 1 (continued )
Parameter Meaning Equation
Dpart Intra-particle diffusion coefficient (mm?/s) Disie= .C\‘parr( 1 - i) D (T-32)
er(1+K) —e
sw ) 2 2403
Dy, Porous zone diffusion coefficient (mm*/s) Di= Zp Dy (1-33)
Stationary phase mass transfer parameters
3 2
Hes Cs-term band broadening (mm) H, :E 1 k EL T-34
L Shpart (14 k")2 u'Dpz ( )
Shpart Particle mass transfer shape factor (Sherwood number) (/) St 4 1-p (T-35)
part =3 l_25_%,,3 +gp5 _%,,6
« Shape factor (/) « = 6 (packed bed spheres)
« = 4 (cylinders)
Reduced parameters
i Reduced interstitial velocity (/) Vi = (t-dp)[Dp (T-36)
vo Reduced to-based velocity (/) Vo = (to-dp)/Dm (T-37)
h Reduced plate height (/) h = H|d, (T-38)

3. Plate height and column permeability measurement

As stated before, the quality of the chromatographic columns is
often assessed through an estimation of its efficiency. In this sense,
chromatographic peaks must be narrow in order to achieve sepa-
rations within the shortest possible period of time. The plate
number (N) is a mathematical concept which directly correlates to
the efficiency of a chromatographic peak and, consequently, to the
quality of the column. Its definition goes back to a theoretical
representation of a chromatographic column, where this is repre-
sented as a series of N well-mixed extraction or distillation stages. N
is a number usually given by the HPLC software but it also can be
calculated through the well-known formula:

2. . .
N:—’; (isocratic separation) (6)
T
t
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Fig. 1. Example of a van Deemter plot in dimensionless coordinates (h vs »;) and
breakdown into individual contributions (hg, hcm, hes, ha = h—hg—hes—hey) via the
Excel template discussed in Section 9. Data obtained for butyrophenone on an ACE
Excel column (4.6 mm fully porous particles) for a 49.3% acetonitrile mobile phase.

where tg is the retention time of the analyte and o7 is the variance
(in time units) of the peak. The peak variance is a parameter closely
related to the width of the peak. Hence, formulas that allow the
determination of N are usually expressed as a function of the
retention time and the peak width w instead of the peak variance.
However, since the peak width w is not constant over its height,
different expressions relating N to w exist depending on the height
at which w is being measured. Typically this is done either at half of
the peak height (providing wy2), or at a height equal to 13% of the
peak maximum (corresponding to a width of 4¢, providing wy,), as
shown in Fig. 2.

These different widths also lead to different formulas for the
number of plates, since the coefficients adjust mathematically to
ideally Gaussian chromatographic peaks:

& t2
N=5545(—R ] —16_R 7
(WVZ) wi, .

In a perfectly symmetric peak (with Gaussian distribution), all
these formulas should give the same plate number but perfectly
symmetric peaks are rarely found in HPLC due to the occurrence of

120

& 8

Signal (mAU)
&

7.6 77 78 79 8 8.1 8.2 83 8.4 85 86
Time (min)

Fig. 2. Different peak widths of the same chromatographic peak depending on the
height at which they are measured.
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some additional band broadening phenomena such as the occur-
rence of preferential flow paths or the co-existence of two retention
effects giving rise to tailing or fronting peaks. Therefore, width
measurements made at different heights may lead to significantly
different N values for the same chromatographic peak. In such
cases, one should move to the determination of ¢? via moment
integration [48], a functionality provided in most instrument soft-
ware. However, the accuracy of the integration is often compro-
mised by small, inevitable disturbances at the baseline noise level.

Furthermore, the measured broadening does not only depend
on the quality of the column but also depends on the quality of the
HPLC instrument itself. Things such as long tubing or connections
between the different modules of the instrument might signifi-
cantly affect the dispersion of the analyte carried through the HPLC
system and, consequently, might also affect how the peak is finally
shaped in the chromatogram. Hence, although it is not the main
cause of it, extra-column band broadening is a factor that has to be
accounted for when studying the performance of a column in order
to know the specific contribution of the column to the quality of the
chromatographic peaks [49—54]. Extra-column band broadening is
usually determined by performing chromatographic runs in the
same conditions as the real measurements (flow rate, mobile phase
composition, temperature, etc.) but by leaving out the column,
directly joining the column inlet tubing to the outlet tubing using a
union piece. Injection of any compound in these conditions gives a
retention time and a peak that can be analyzed by the software, so
that the contribution of the HPLC system band broadening and
residence time can be subtracted from the initial peak quality
parameter values, as in Eq. (8):

2
(tr — tsyst)
2 2
(‘Tr = ”t.sysr)

where N, stands for the corrected plate number of the chro-
matographic peak while the subscript 'syst’ refers to the retention
time and variance of the HPLC system.

In a similar way, a correction must also be made for the pressure
drop of the system, since modules like the injector give a significant
pressure loss to the entire system. Thus, the pressure drop read-out
of a chromatographic run has to be corrected by subtracting the
system pressure drop measured at the same flow rate (i.e., by
leaving out the column). The difference then corresponds to the
pressure drop caused by the column (4Pc) only. This is also the
value that should be used in the column permeability calculations.

However, the estimation of column performance using the
number of plates can only be done in a straightforward way for
isocratic separations. In gradient mode, retention time and peak
variance cannot be correlated since the retention time is a result of
the variable mobile phase composition experienced during the
gradient run while the width of the obtained peak depends on the
exact fraction of modifier felt by the peak at the moment of its
elution. To circumvent this problem, the quality of gradient sepa-
rations is usually assessed by means of the peak capacity parameter
(np). The peak capacity of a chromatographic peak is often
described as the number of peaks with that exact shape and size
that can be fitted into a chromatographic window that can be
related either to other peaks (especially the tp-marker or the first
eluting peak and the last eluting peak) or to the total gradient time
[55]. Although some more simplified expressions exist, n, can
generally be calculated using:

Ncor = (8)

tRi+1 —
np:1+z 4‘71151 ®)

wherein i refers to the order of the peak in the chromatogram.

It is also possible to calculate N for gradient elution, but this
requires a second measurement: the same analyte should be eluted
in isocratic mode at the same exact concentration of organic
modifier as the one experienced at the moment at which the peak
elutes off the column. The retention factor measured during this
experiment (K ep,¢) should then be used to replace tg in Egs. (6)—(8)
by to-(1+K eme). This supplementary experiment, however, requires
more effort and could constitute a potential source of additional
measurement errors, so it is not recommended if one is mostly
interested in the intrinsic quality of a column.

4. Methods to measure B-term and D

The most straightforward way to analyze the packing quality in
a detailed way is by subtracting, in a stepwise way, the estimated
contributions of the most important individual band broadening
sources from the total plate height value (see also Section 9). The
first step in this approach is the estimation of the B-term contri-
bution, as this is the one that can be determined with the highest
accuracy, and subtracting it from the total. As stated before, the B-
term of a van Deemter curve is the band broadening term that
accounts for the longitudinal diffusion of analytes during their
chromatographic elution.

In order to measure this contribution of the longitudinal diffu-
sion to the plate height (Hg), two main approaches can be followed:
the peak parking method or the measurement of the plate height at
a very low flow rate.

4.1. Peak parking

The peak parking method (also known as arrested elution
method [56]) is the most common way to estimate the contribution
of the B-term to band broadening. This method was invented by
Knox and Giddings [44] on their famous 1962 taxi ride and, basi-
cally, consists in stopping the flow rate during the elution of an
analyte for a known period of time. When arrested inside the
chromatographic column, far from either the beginning or the end
of the column, the analyte can do nothing but suffer the effects of
diffusion so the longer it stays inside the column, the wider the
subsequent chromatographic peak will be (see Fig. 3). Therefore, if
the flow rate is stopped for different given times (tq,k) and then the
flow rate is restored, the additional peak variance due to longitu-
dinal diffusion can be measured at the detector and, thus, the B-
term band broadening can be determined.

According to theory, the peak spatial variance (A¢2) can be ex-
pected to vary linearly with the parking time through the following
expression:

Aa’f = 2'Dejf'tpark (10)

The proportionality factor Defrappearing in Eq. (10) is a measure
of the effective longitudinal diffusion experienced by the analytes
in a packed bed [57]. However, A2 cannot be measured directly, so
several steps have to be followed when performing the peak
parking experiment. When the measurements for different parking
times are performed, the peak time-based variance has to be
calculated using the following equation:

ot
o (11)

o=
where o7 is the peak variance, ty is the total retention time of the
peak (elution time + parking time) and N is the apparent plate
number, as given by instrument software. In the next step, the
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Fig. 3. Representation of the obtained peak shape for the peak parking experiment on
an Acquity column for a 50/50 water/methanol mobile phase composition. The figure
represents the signal intensity I as a function of the position in the column (recalcu-
lated from time plots). The peaks with parking time 0 s (full black line), 900 s (full red
line), 1800 s (dotted black line), 2700 s (dotted red line) and 3600 s (dashed black line)
are overlaid. Extracted with permission from Ref. [57]. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

temporal peak variance is transformed into spatial peak variance
using:

o2 = o2} (12)

where ug is the linear velocity of the retained compound, to be
calculated as ug = L[tg, wherein tg is the retention time of the
compound (corrected for extra-column residence time) when the
parking time is zero. By subtracting the obtained value for o2
without stopping the flow from that with a certain parking time,
the value for Ag? is obtained.

It has to be acknowledged that stopping and starting the flow
rate in a sudden manner may cause additional band broadening
that has not been accounted for when calculating 4¢2, as there
might be a difference between the variance measured for a given
stop time and that without stopping. To resolve that issue, a
reference measurement can be made with a very short parking
time, e.g. 30 s, taking into account the finite rate of flow rate
changes in the chromatographic system. All subsequent measure-
ments then have the parking time tpqrk (e.g. 15, 30, 45, 60, 90 min)
added to the short stop time. Doing so, a straight line can be

25107
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5107
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lpark (8

Fig. 4. Overview of the peak spatial variance o2 as a function of the parking time (tpark)
for six different particle types: Acquity (full squares), Zorbax (full triangles), Eclipse
(full circles), Halo (open squares), Kinetex (open triangles) and Poroshell (open circles).
Extracted with permission from Ref. [57].

obtained when plotting the corrected spatial peak variance against
the parking time (as illustrated in Fig. 4) and D can be calculated
from the slope using Eq. (10).

After the determination of D, the actual contribution to band
broadening of the B-term can be obtained by means of the
following expression:

2Dy 2-Deg "
ngT(1+V)=T<1+k) (13)

In this equation, up is the linear velocity of the mobile phase and
k' is the retention factor of the analyte, both of them being well-
known values. As indicated in Eq. (13), the B-term contribution to
band broadening can also be related to the interstitial velocity (u;)
and the zone retention factor (k”), both parameters relate to the
interstitial volume of the column (the volume not occupied by the
stationary phase particles).

If a more thorough characterization is desired, it has to be noted
that Defr can be split into a contribution coming from the diffusion
in the liquid outside the particles D,,, which is independent of the
retention factor, and the diffusion coefficient in the meso-porous
space of the particles (Dpgr for fully porous columns, D, for
core—shell columns). The first contribution, Dy, is constant for
every solute—solvent combination and is usually calculated
through the Wilke—Chang equation [58]:

7410 8T Vo5, M;,

Dm
Nsv* V,(\) 6

(14)

where T'is the absolute temperature, @5, and M, are the association
coefficient (2.6 for water; 1.9 for methanol; 1.5 for ethanol and the
molecular weight of the solvent respectively), 5, is the viscosity of
the solvent and Vj is the molar volume of the analyte at normal
boiling point [58].

It has to be noted that D,, calculations for other solvents e.g.
tetrahydrofuran are not possible through the Wilke—Chang equa-
tion because of the lack of known association constants in those
solvents. In order to obtain reliable D,, values in those conditions,
other expressions like the Scheibel equation or the Hayduk—Laudie
equation have to be used [59,60]. This is also the case for acetoni-
trile, although some researchers have reported a value of
Ppcy = 1.37 [61].

On the other hand, the diffusion in the porous zone depends on
the retention factor and can be calculated through several equa-
tions from the table in Section 2 (T-28 to T-33). In fact, the calcu-
lation of Dp, is necessary in the estimation of the C-term
contribution to band broadening (explained in Section 6).

4.2. Measurement of plate height at a very small flow rate

The other main technique to estimate the contribution of the
diffusion to band broadening is determining the plate height of
chromatographic peaks at an extremely low flow rate. Considering
that the more time an analyte remains inside the column, the more
it suffers the effect of the diffusion (something that can be observed
in van Deemter curves since the vertical asymptote on the y-axis is
a consequence of the B-term), injecting analytes at low flow rates
can give an idea of the diffusion inside the column. Provided the
pump can produce a small enough flow rate, measurements per-
formed at different (small enough) values of F should lead to a plate
height decreasing inversely proportional with u, i.e., obeying Eq.
(13). When k' is known, the value of Dej can then be directly be
derived from the value of the proportionality constant observed
between H and 1/u (cf. Eq. (13)).
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5. Methods to measure the porosity

As explained in Section 1, the total porosity of an HPLC column
can be split into two different contributions (cf. Eq. (4)). The
external porosity e refers to the fraction of the column volume not
occupied by the particles, a parameter that mainly gives informa-
tion about the density of the packed bed or, in other words, how
well filled the column is with the stationary phase. The second
contribution stems from the void space inside the particles,
generally referred to as epqre and gives information about the in-
ternal design of the particle itself, i.e., how much pore volume there
is in a particle. When talking about the internal porosity, particle
type always has to be taken into account because of the existence of
fully porous and core—shell particles, since the value of epgr is
influenced by the presence of the core. Introducing p as the ratio
between the diameter of the particle and the diameter of its solid
core, this relation can be written as epqrt = epz-(1 —p3). wherein ¢, is
the porosity of the porous zone surrounding the core.

An accurate determination of the external porosity of chro-
matographic columns is one of the most important steps when
characterizing the kinetic performance of a column since, according
to Eq. (5), the flow resistance of a column depends in a strong way
on the external porosity (the dependency can be as high as & ).
Very small differences in the porosity measurement can hence lead
to significant differences in flow resistance, which makes the pre-
cise knowledge of the effective e essential to understand the per-
formance of a column [46]. Due to its great importance, several
methods have been developed throughout the years to determine
the value of e in the most exact possible manner. These methods
(listed below) are all based on measuring the residence time (¢;) of a
component that is excluded from the particle's interior:

e=(F-t;)/V (15)

where F is the mobile phase flow rate and V is the geometrical
volume of the column. Comparing this external porosity value &
with the value obtained for the total porosity er via Eq. (T-6) and
using an unretained tp-marker such as uracil that can fully pene-
trate the particles to measure tp, the values of epq and ey, can
subsequently be calculated using Eqgs. (T-7) and (T-8).

5.1. Measuring e via inverse size-exclusion chromatography

Inverse size-exclusion chromatography (ISEC) is one of the most
used methods of determination of the external porosity of a col-
umn. First described by Haldsz and Martin [62], and later developed
by Haldsz and collaborators [63—66], the ISEC method consists in
injecting several known polymeric samples into a packed column. If
it is assumed that all pores in the stationary phase have a certain
volume that can be correlated to their size, the elution time of the
polymers will depend on whether they can enter the different sized
pores. If the injected polymer strand is large enough, it will not fit
inside the stationary phase particle and, therefore, will elute faster
from the column because it will only visit the interstitial space of
the column. Hence, their elution time is a direct measure for the
external porosity of the column. Representing the polymer size
against the retention time leads to what is commonly known as an
ISEC plot; some examples for ISEC plots can be found in the
following references [46,67].

ISEC plots are usually divided in two parts (a steep part
regarding the interstitial volume and a flatter line regarding the
intra-particle volume), so the external porosity is normally deter-
mined by finding the intersection between these two lines [68—70].
However, this process is quite tricky because, since regressions
usually have to be performed on a small amount of data points and

thus, depending on the number of experimental points that are
used to find both parts of the plot the intersection point may vary
significantly. Therefore, the regression analysis subsequent to the
measurements needed to obtain the external porosity value is often
troublesome and that can end up giving values with a lower ac-
curacy than desired [46]. Obviously, the use of a large number of
polymeric samples increases significantly the chances of obtaining
a close approximation to the pore-size distribution. In this sense,
the validity of the external porosity measurement using the ISEC
method depends on the already mentioned number of experi-
mental points but also on the assumption that the polymer samples
used, although having different molecular masses, have the same
structure, normally a polystyrene structure (also known as poly-
styrene strands).

The ISEC method presents some advantages over alternative
methods. Experiments can be carried out on the column itself (and
both the packed bed and the sample conserve their integrity) and
no additional equipment other than the HPLC system is necessary,
characteristics that make the procedure convenient and relatively
inexpensive [ 71]. However, on the other hand, the ISEC method also
presents some significant drawbacks. Experimentally, there has to
be no adsorption from the polymers onto the stationary phase and,
additionally, the polymer cannot agglomerate in the solvent used as
the mobile phase (the established polystyrene strands avoid these
two problems). The columns should also have a good efficiency
since peak symmetry and instantaneous equilibrium between the
two phases is necessary for the entire procedure [68]. In addition,
these larger molecules may be affected by wall effects and may not
be able to penetrate each corner of the interstitial volume, which
would lead to an underestimation of the porosity [46,72].

5.2. Measuring e via Donnan exclusion

Another method to determine the porosity is based on the
Donnan salt exclusion effect, which states that when a non-
buffered solution contains two or more ionic species one of the
solutes is blocked from regions penetrable by the others [73].
Hence, according to the Donnan effect, ionic solutes cannot pene-
trate into the pore space inside the stationary phase when a small
amount of electrolyte (sodium nitrate, for example) is injected into
the column [74]. The elution time of the peak of the electrolyte will
correspond to the interstitial void fraction of the column. Injecting a
low amount of electrolyte is important because if its concentration
is high enough the Donnan effect will not take place and the
electrolyte will experience retention, which would make the
method not suitable to determine the external porosity. In a similar
way, if the mobile phase is buffered the Donnan effect will also get
masked and the method will not be suited for porosity
determination.

The Donnan exclusion presents some advantages over the ISEC
methods, like a better overall precision (not based on slopes in
graphics) and the use of more conventional mobile phase organic
modifier (tetrahydrofuran is usually used in ISEC while acetonitrile
or methanol can be used in Donnan exclusion) [75]. However, it
also presents some disadvantages such as having to rely on very
small chromatographic peaks because of the very low electrolyte
concentration, or due to the fact that the pores of the stationary
phase particles can be so large that a complete electrostatic
repulsion is difficult to achieve [76,77].

5.3. Measuring e via total pore blocking
Since its introduction in 2007 [46] as an alternative to the

customarily employed ISEC method, the total pore blocking (TPB)
has been one of the most used methods to determine the external
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porosity of a chromatographic column [67,78-80]. The main
characteristic of the TPB method is that it involves measuring the
elution time of a non-retained small molecular weight marker
(rather than the large molecules in ISEC) after having filled the
stationary phase pores with a hydrophobic solvent that is
completely immiscible with the mobile phase employed during the
elution time. After several studies regarding that matter, it has been
concluded that decane or dodecane are the most suited liquids to
block the pores of silanized reversed-phase particles. The filling of
the pores is a 3-step procedure that can be followed in Fig. 5.

In the first step, the column is rinsed with isopropanol in order
to clean it from other residual solvents that might have remained
inside and that might have a negative effect in the blocking pro-
cedure. The second step consists in filling the column with the
hydrophobic solvent (decane); this step should be carried out with
some caution since these kind of solvents tend to get stuck inside
the HPLC system (connections and modules), which would be
dangerous for the instrument itself. Finally, in the third step the
interstitial decane is flushed out of the column using an aqueous
buffer; the decane inside the particles would not be flushed out
because of its poor miscibility with the aqueous buffer and its
strong interaction with the stationary phase. All steps in the pro-
cedure have to be followed correctly, since unfinished fillings and
solvent removals in the column might lead to significant inaccur-
acies in the external porosity determination.

Therefore, after the procedure, the originally porous support
behaves as a completely non-porous support, impenetrable for any
analyte. In these conditions, the elution time measurement of a
small molecular weight tracer will allow the determination of the
exact interstitial volume of the column following Eq. (15).

The great advantage of this method is the use of small molecular
weight markers instead of the large polymers used in ISEC. These
very small molecules now can be trustfully used to measure the
void volume of the column because even the smallest corner of it
can be accessed by the tracer. On the other hand, some relevant
details have to be taken into account. One of them would be
choosing a suitable tracer, which is one of the most important is-
sues in this procedure. The tracer has to be polar in order to ensure
that the measured retention times only relate to the extra-particle
volume (there can be some retention in the particle surface, which
has to be avoided) and it also has to be inorganic, since some
organic tracers like uracil might get dissolved in the hydrophobic
blocking agent which would make the porosity determination
impossible. Potassium iodide has been shown to be the one that
works best, although some stability issues have to be taken into
account. The slow oxidation of the potassium iodide into elemental
iodine due to the effect of carbon dioxide and oxygen, which turns
the sample solution yellow, leads to poorly shaped and sometimes
even split peaks. It is therefore required to frequently replace the
sample by a new one to ensure reliable results. Other possible
drawbacks of the TPB method would be decane leaking out of the
pores, which should not happen at reasonable flow rates (under
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Fig. 5. Schematic representation of the three-step procedure for the total pore
blocking method. Adapted with permission from Ref. [46].

0.5 mL/min for a 4.6 mm column), and the possible inaccuracy on
the measured elution times stemming from slight flow rate or time
registration errors, issues that however also affect the other
methods described above.

6. Methods to estimate diffusion and mass transfer

6.1. Band broadening contribution from the stationary phase mass
transfer

It goes without saying that the diffusion inside the particles is
one of the key processes determining the band broadening in a
chromatographic column. Its effect appears in the B-term (via the
contribution of the diffusion inside the particles, quantified by Dpart,
to the over-all Deg-value) as well as in the Cs-term, via the value for
Dy, which stands for the diffusion in the shell-layer of core—shell
particles or in the entire particle when particles are fully porous, in
which case Dpgt = Dpz As shown in literature [81,82], and later
followed by others [83] there is an elegant way to determine Dpqr
and Dy, using the Effective Medium Theory (EMT). These expres-
sions are much more accurate than the parallel-zone or residence-
time weighted model (RTW) that has been traditionally used in
liquid chromatography. The EMT is fully accepted in many fields of
science and technology as a powerful approach to, for example,
calculate effective optical transmission coefficients, elastic moduli,
and heat transfer and diffusion coefficients of binary media [84,85].
To apply the EMT to the problem of diffusion in chromatography,
the column needs to be represented as a binary medium consisting
of two zones, the interstitial space and the particle space, the vol-
ume of which can be determined by performing a porosity study as
discussed in Section 5.

The first step in achieving a deeper understanding of the rela-
tionship between particle morphology and the observed effective
diffusion values (D) should be the elimination of the contribution
of the diffusion experienced by analytes when residing outside the
particles, which essentially means separating Dpq¢ from the inter-
stitial void diffusion (diffusion that basically depends on D,,, which
has a particular value for each compound in a given mobile phase
and temperature). The Maxwell approach to the EMT theory [86] is
a model that allows this separation. Using the obtained B-term
contribution data and the column porosity measurements, the
polarizability §; constant can be found through the following
equation [57,82]:

1 vegrer(1+Kk)—1

1 €2+ veper(1+K) (16)

B1

with vyegr being Deg/{Dp. If desired, Eq. (53a) from Ref. [82] can be
used to provide a higher order accuracy expression for (.

For spherical particles, the polarizability constant can be related
to the relative permeability of spherical particles (which is the case
of packed beds) through the parameter apqre as follows:

1+2
Qpart = —ﬂﬁll 17)

If then the Maxwell EMT model is followed, the diffusion inside
the particle Dpare can be obtained by means of the expression:

_ apart(1 —€)
part = ——E'T(] YR)—¢ m (18)

However, the development of different types of stationary phase
particles (fully porous and core—shell) makes it necessary to take
the analysis one step further. The EMT approach also allows the
isolation of the effect of the solid core of porous-shell particles in a

Please cite this article in press as: A. Andreés, et al., Methods for the experimental characterization and analysis of the efficiency and speed of
chromatographic columns: A step-by-step tutorial, Analytica Chimica Acta (2015), http://dx.doi.org/10.1016/j.aca.2015.08.030

75



Publicacions

10 A. Andrés et al. / Analytica Chimica Acta xxx (2015) 1-15

mathematically exact way, since the expressions can be used for
homogeneous particles and for inhomogeneous particles which
contain a solid core in their center [82,87]. This finally allows the
calculation of Dp, through:

2+ p3

Dpz = Dpart (]9)
where Dy, is the actual diffusion coefficient in the meso-porous
zone of the particles and p is the relationship between the core
and the particle diameters. Note that Dy, is also the parameter that
needs to be used in the expression for the stationary zone mass
transfer rate (cf. Eq. (2a) and Eq. (20) below).

Obtaining the value of D,; not only allows a more accurate
determination of diffusion inside the stationary phase but it also
provides a valid approach to estimate the contribution of the sta-
tionary phase mass transfer to the van Deemter equation and,
therefore, to band broadening. The expression that relates the
molecular diffusion coefficient in the porous zone to the band
broadening contribution of the stationary phase mass transfer is
the following:

21 K 4
~ aShpart (1 + k)2 'Dpz

Hc, (20)

As explained before (cf. Eq. (2a)), a is a coefficient that takes the
value of 6 for spherical particles, k”is the zone retention factor, u; is
the interstitial velocity of the mobile phase and dj, is the particle
size. Besides, Shpqre stands for the Sherwood number of the sta-
tionary phase particles and can be calculated through:

4 1-p°
shPart = § m (21)
where p is the already mentioned relationship between the core
and the particle diameters [88]. In the specific case of a fully porous
particle, the Sherwood particle number takes a value of 10. Eq. (20)
is still valid if the studied stationary phase is a monolith, although
several coefficients (like a or Shyqr) have a different value [40].

6.2. Band broadening contribution from the mobile phase mass
transfer

Possibly, the mobile phase mass transfer can be estimated as
well. This is typically done using the expression appearing in the
third term of Eq. (2) [40]. However, some caution in this sense is
required because this expression has been established under the
assumption that the flow in the interstitial space has a pure plug
flow profile, which makes the approximation far from correct given
the parabolic nature of the true profile [89]. Besides, the value for
the Sherwood number in the mobile phase (needed for the
approximation to mobile phase mass transfer) is not very well
known, since the correlation mostly used (Wilson and Geankoplis-
correlation) has been established for very high reduced velocities,
velocities that typically lie outside the range used in HPLC. More
detailed information about the approach to the determination of
the contribution of mobile phase mass transfer to band broadening
can be found in the literature [40].

7. Particle size measurement and definition of average

Interpreting measured values of H and K, can only be properly
done in relation to the size of the particles used in the bed.
Although it seems pretty straightforward to determine this size, it is
not due to the inaccuracies related to each of the available size

measurement methods (see further on), as well as due to the dif-
ficulty in defining the average size when the particles have a sig-
nificant size distribution. The particle size distribution (PSD) of a
chromatographic column is a concept that evaluates the sizes of the
different individual particles in the stationary phase and how they
correlate to the average particle size. There are currently no good
theories that allow to decide whether the relevant particle average
that should be used to calculate the different terms in Egs. (1) and
(2) should be number-based or volume-based [90].

For the column permeability, fortunately, we can rely on the
Kozeny—Carman theory. This states one should use the Sauter-
mean diameter, which is the diameter that an equal amount of
monodisperse particles should have in order to yield the same total
specific surface area as the particle mixture [91,92]:

>4,

dpsa = ST & (22)

As a consequence, the Sauter-mean diameter is the correct
diameter one should use in the Kozeny—Carman equation, and not
the diameter based on the number- or volume-based average:

d? 3
Koo P28, & 23
*T fie (1-e)? &

where the fxc-factor should have an approximate value of 180.
However, some studies have doubted the consistency of this value,
since it can decrease fairly quickly in the hypothetical case that the
smallest stationary phase particles in the position themselves into
the pores from larger ones [91]. Besides, this value can also be lower
than expected if the nature of the surface causes a deviation from
the generally accepted “no-slip” condition for the velocity of the
mobile phase near the particle surface [75]. In this sense, the
literature offers some recent work about the “slip flow” topic that
should be taken into consideration [93,94].

The actual measurement of the particle sizes is also difficult.
Several techniques allow the evaluation of the particle size distri-
bution of a chromatographic column. The electrical sensing zone
(ESZ) method is based on a suspension of stationary phase particles
passing through an aperture placed between two electrodes; the
change in the impedance when solid particles pass by are converted
to voltage pulses, the number of pulses gives the number of par-
ticles while the amplitude of the pulses is related to the size of the
particles [95]. The static light scattering (SLS) postulates that each
particle size has a unique scattering pattern in the intensity versus
angle plot, so scattering a group of particles results in the sum of
the individual effect from each particle [96]. The flow/hyperlayer
field-flow fractionation (FFF) is a complex method that consists in
taking advantage of the different velocities of particles when
exposed to a combination of a crossflow force and a lift force
[95,97,98]. However, the most used method to assess PSD is
opening the column and performing scanning electron microscopy
(SEM) measurements, a simple but effective method in which
pictures are taken from the stationary phase after emptying the
column and sizes for single particles are obtained by a combination
of drawing lines that represent the diameter of the particles and
analyzing their length with a specific software [92,99-102].
Although being a more tedious and work-demanding procedure,
the SEM is preferred to other PSD determination techniques,
mainly because its accuracy is higher than for example Coulter
counting, a faster procedure but one that usually leads to an un-
derestimation of the particle size [103]. Besides, in SEM measure-
ments the user chooses which particles are more representative
and how their diameter should be interpreted, an especially
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Fig. 6. SEM picture obtained for an ACE 3 packing. The microscope was operated at
20 kV with a magnification of 3500x and a backscattered electrons detector (BSED) to
obtain enhanced contrast conditions. Extracted with permission from Ref. [102].

important factor taking into account that particles are not always
perfectly spherical. Fig. 6 shows a SEM picture example, where all
the white spheres are stationary phase particles.

8. Plate height and kinetic plots

The separation efficiency of chromatographic columns is usually
represented by van Deemter curves, that is, as plots of the plate
height against the linear velocity. While this kind of plots provides a
clear and direct view of the effect of flow rate on performance, they
do not provide information on the required analysis time or the
optimal column length to achieve the desired separation efficiency.
Since a short analysis times is, along with peak quality enhance-
ment, one of the most sought after parameters in HPLC, efficiency
optimization should preferably go hand in hand with an optimi-
zation of this analysis time [41,104]. Kinetic plots, a format used for
the first time by Giddings [41], and made accessible to the exper-
imentalist by the equations proposed in Refs. [105,106], directly
represent the required time to obtain a certain plate number (or any
other performance measure) and hence are the ideal tool for this
optimization [105]. Fig. 7 compares both types of plots for columns
of different lengths and packed with different particle sizes: on top
a traditional van Deemter curve is shown, while on the bottom the
same data set is represented in a kinetic plot.

Both plots provide information about column performance. The
van Deemter curves show that plate height decreases and that
optimum velocity or flow rate increases as the particle size de-
creases. However, while the van Deemter curves give information
about the flow rate that can be used to obtain the optimal effi-
ciency, it does not provide any information about the column
backpressure or the required analysis time. In a kinetic plot, the
achievable plate number can directly be read out with its corre-
sponding analysis time expressed either as column void time (tp) or
retention time (tg = tp-(1+k’)). In the example given in Fig. 7b,
columns are represented for different particles sizes with their
typically employed column lengths. The inflexion point of these
curves (corresponding to the maximum plate count) corresponds
to the optimal flow rate points in the van Deemter curves.

The relationship between the parameters in both plots is given
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Fig. 7. Different graphical representation of the same data: a) Van Deemter curve; b)
Kinetic plot. In both plots, the blue data corresponds to a 25 cm column with a 5 ym
particle size, the green data corresponds to a 15 cm column with a 3.5 um particle size
and the red data corresponds to a 5 cm column with a 1.8 um particle size; all of them
are fully porous stationary phases. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

by Ref. [105]:
AP (K,
N=5 (k) =
AP (K
to=— -2 25
0 n (u(z] ) ( )

which are obtained by substituting L using Eq. (3) in the basic
equations N = L/H and typ = L[up. The plots in Fig. 7b are however
dependent on the column length which is investigated and are
referred to as fixed-length kinetic plots. In addition, there is also no
information included on the required backpressure to operate
these columns. To overcome this problem, the data represented in
Fig. 7 can also be transformed into a variable-length kinetic plot,
also known as KPL-plot (kinetic performance limit). In this plot, the
column length corresponding to each flow rate data point is scaled
such that the backpressure generated by that combination of length
and flow rate corresponds to a given maximum set pressure. Under
these conditions it was shown [107] that the kinetic optimum of a
given support or operating condition is achieved, as a desired ef-
ficiency is reached in the shortest possible time or, equivalently, as a
maximal efficiency is reached during an allotted analysis time.
These KPL-plots can be constructed independently of the column
length at which the data was acquired and are shown in Fig. 8 using
the same data from Fig. 7, illustrating how each particle size has an
optimal window of analysis times and efficiencies in which it
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should be used.

To construct these plots, the experimental pressure drops in Eqs.
(24) and (25) are replaced with the maximum pressure drop
(selected by the user as the maximally affordable instrument or
column pressure). Alternatively, these KPL retention times and
plate numbers can be obtained by multiplying their experimental
equivalents with a length elongation factor (4 factor), which is the
relationship between the maximal pressure and the experimental
one, using [106]:

Ay Apmax

A= AP, (26)
tokpL = A-toexp (OF trkpL = A*tRexp) (27)
NgpL = A‘Nexp (28)

It has to be taken into account that measurements with the
same column at different flow rates will give different pressures
drop values, so every measurement will have a different A value
that will have to be calculated individually. The advantage of the
elongation factor is that it can also easily by applied to (gradient)
peak capacity (np) data, taking into account the square root de-
pendency of n, with N:

NpkpL = 1+ ﬁ (np.exp — 1) (29)

In order to correctly measure a fixed length kinetic plot and
construct a variable-length plot under gradient conditions, the
analytes must be subjected to the same mobile phase history
[55,90,106,108—110]. The mobile phase history denotes the series of
organic fraction values in the mobile phase experienced by the
solutes at each given column position and is achieved by keeping
the same ratio between both the gradient time and ty and between
the delay time (the time elapsing between the injection and the
moment when the gradient profile reaches the front of the column)
and .

Whereas Figs. 7 and 8 illustrate how the kinetic plot is more
suited than a van Deemter curve to find the optimal combination of
column length, flow rate and particle size, this combination of
permeability and performance data however no longer allows to
determine which contributions to band broadening (e.g.
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Fig. 8. Kinetic performance limit plot (KPL-plot) using the same data set from Fig. 7.
The blue data corresponds to a 25 cm column with a 5 pm particle size, the green data
corresponds to a 15 cm column with a 3.5 um particle size and the red data corre-
sponds to a 5 cm column with a 1.8 um particle size; all of them being fully porous
stationary phases. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

longitudinal diffusion, mass-transfer limitations or eddy disper-
sion) are most dominant for a given type of column. Therefore, the
van Deemter curves remain an invaluable tool to investigate to
what extent these different factors contribute to the overall plate
height and allow a comparison between different columns.

9. Detailed performance analysis — excel template

Ultimately, one wants to know why a given column is providing
certain efficiency, i.e., one would like to know which terms in the
plate height equation could still be further reduced. To do this
analysis step-by-step using the equations presented in the previous
sections, an Excel template has been made available at [ 111]. In this
template (Fig. 9), only the data for the yellow cells need to be
provided (orange cells can be used as alternative input).

The first step in decomposing the observed column efficiency
into its individual contributions is by isolating the longitudinal
diffusion contribution (B-term). Under the widespread assumption
that all contributions are additive (cf. Eqs. (1) and (2)), this corre-
sponds to subtracting hg from the total h-value. Starting from Eq.
(1), it is clear that the value of hg can be found in two main ways.
One way to calculate hg (=Hp/dp) is by estimating the value of Hg by
data fitting Eq. (1) to a van Deemter plot containing a sufficient
number of data points in the low F-range and then calculate Hg=B|/
up. Ultimately, one could also try to measure H at only one velocity
(or just a few), but corresponding to such a low flow rate (typically
10 times lower than the optimal flow rate or less) that one can
assume that the entire measured plate height is due to the B-term
band broadening such that Hg=H. This approach is followed in
sheet “Deff via experiments at low F”. Another way to determine Hg
is via Eq. (13) and the peak parking experiments described in
Section 4. This approach is followed in sheet “Deff via peak
parking”.

Using either of both sheets, a value for Deg is automatically
calculated (cell M12 in sheet “Deff via peak parking”, or cell B7 in
sheet “Deff via experiments at low F”). This value should then be
filled out in cell S20 of the main sheet, which then automatically
creates a plot of h—hgvs. v;and H—Hpg vs. ug. The Excel-template also
automatically calculates the estimated value of Dy, (diffusion rate in
porous material in particles, in reversed-phase HPLC this value is
typically 3—5 times smaller than diffusion rate outside the particles
[57]). The Dp-value is subsequently used to estimate the plate
height contribution H¢ arising from the mass transfer resistance
inside the particles (via Eqgs. (20) and (21)). If the correct value for
p (relative core radius, p = 0 for fully porous particles) is specified
in cell S24, the value for Dy, is automatically corrected for the
presence of the solid core inside the particles. This calculation also
requires values for the diffusion coefficient (S25) of the
investigated sample compound (which can be estimated using the
Wilke—Chang equation, see Eq. (14), as indicated in the template),
the total (S22) and external porosity (S21) (see Section 5) and the
phase retention factor k' (S19). The Excel then automatically cal-
culates and plots the values of H—Hg—H¢s, which correspond to the
band broadening originating from flow effects occurring outside
the particles.

The remaining value for H then corresponds to the sum of the A
and Cp,-terms, respectively the first and third term of Eq. (2a). The
latter represents the theoretically expected contribution of the
mass transfer at the through-pore level. The expression given in Eq.
(2a) is the only theoretically available expression, but it should be
used with caution, for it has been derived under the assumption of
a pure plug flow (whereas the flow obviously has a parabolic flow
profile), and the value for Shy, is ill-known [40]. The best currently
available approach is to use an expression for Sh;, obtained using
numerical simulations of the mass transfer in a simplified
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Fig. 9. Screenshot from part of Excel template made available at [ 111]. Yellow cells are required input (orange is alternative input). Green cells are main results of calculations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

representation of packed bed columns [40].

=——~ _ +86021
% + Vi (30)

(valid for 0.35 <¢<0.44 and 1 <v; <250)

This expression, which is a function of the reduced interstitial
velocity, is calculated in the template (column M), from which
subsequently the C,, contribution, calculated using Eq. (2a), is
calculated and subtracted from the H—Hp—Hcs expression to obtain
values for H—Hg—Hcs—Hcm (columns N—O). The resulting values
can be considered as the amount of band broadening left after
elimination of the contribution of the B-term and the mass transfer
contributions at the through-pore level, although, as already said,
the expression available today for Hcp, is highly questionable [89].

Returning now to Fig. 1, where a typical example of the outcome
of a detailed plate height analysis is shown, it can be concluded
that, for the considered particle type and analyte (leading to a
specific retention factor and diffusion coefficients), the contribution
of the mobile and stationary zone mass transfer (hcs and hep) is
very small, that the B-term contribution is fairly large, and that the
ha-contribution (“the packing heterogeneity” contribution) makes
up the majority of the band broadening at high flow rates.

10. Conclusions

Complementing the classic van Deemter curve measurements
with a set of auxiliary experiments (peak parking or estimation of B
from the van Deemter curve, external porosity measurement or
estimation), the different factors contributing to the efficiency and
speed of chromatography columns can be analyzed in the finest
detail. Filling out the results of a series of band broadening mea-
surements at different flow rate in either columns A, B or C, D in the
main sheet of the provided Excel-template file, and adding the
main physical and physicochemical experimental parameters to
cells S18—S27, the magnitude of the different contributors (longi-
tudinal diffusion, Cs-term contribution, Cp-term of plug-flow
through single pore) to the overall-plate height can be individu-
ally calculated and subtracted from the total value. This allows to

directly compare the different magnitude of these contributions,
mutually, and of course also among different columns if running a
comparative test. Additionally, the template also provides an esti-
mate for the diffusion rate experienced by the analytes while
residing in the particles (cells S31—-S32).
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all models. The best results are obtained through the model that depends on three parameters and the
accuracy of the two-parameter model is slightly lower but very acceptable too. On the other hand, the
predictions performed with the one-parameter model are the less accurate, but good enough to become
a valid model taking into account that it requires very little experimental work.
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Keywords:

1. Introduction predict retention of acids and bases in gradient elution mode are
) those of Wiczling and Kaliszan [12,13].
1.1. HPLC and elution modes The retention of the ionized species of a monoprotic compound

is usually very low compared to the retention of its neutral species
so, when working at a pH value close to the pK, of the analyte,
small changes in the mobile phase pH can lead to very different
retention times. Since gradient patterns in the mobile phase com-
position modify the mobile phase pH and the pK; of the analyte
(therefore, the ionization degree of these analytes), different gradi-
ent patterns may lead to very different retention times, so complete
separation of a group of similar compounds may be achieved if the
right gradient pattern is applied. The main goal of this paper is to
establish areliable chromatographic model that predicts the reten-
tion time of a compound regardless of the gradient pattern applied
to it.

High-performance liquid chromatography (HPLC) is nowadays
one of the most used analytical techniques because of its multiple
utilities and applications. Composition and pH of the mobile phase,
as well as the working temperature, are the main factors involved in
chromatographic elution [1,2] and, then, the control of their effect
on retention results in a big advantage in method development.
Particularly, gradient elution mode should be carefully considered
since it implies changes in composition and pH of the mobile phase
during the elution of the analyte.

Literature shows several models that allow good results when
predicting the behavior of neutral compounds in gradient mode
[3-9]. However, modeling the behavior of analytes with acid-base
properties becomes quite more complex since their ionization 2. Theory
depends on the pH of the mobile phase and on their pK, value. In
turn, those two properties strongly depend on the composition of 2.1. Gradient elution of neutral compounds
the mobile phase [10], and controlling them throughout the chro-
matographic run is necessary in order to get a good prediction of In previous work [8], performed on the basis of the work from

the behavior of this kind of compounds [11]. Recent approaches to ~ Nikitas and Pappa-Louisi [14], the following equations have been
used to describe elution of a neutral compound:

1]
e LI (1)
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no14+ky
tr = <Stz:i:1 % @)
where dt is the infinitesimal period of time in which the analyte
is under the influence of one step of mobile phase concentration
(with composition @), tg is the hold-up time of the chromatographic
system, k,, is the retention factor of the solute for a given mobile
phase composition, ty is the retention time and n is the least integer
that validates the condition of analyte elution:

T
i=1 tokw -

In this model the dwell time of the system is considered as a
previous isocratic step at ¢ equal to the initial composition of the
gradient profile [8].

As it can be seen in these equations, the retention factor (k) is
always related to the fraction of organic modifier in the mobile
phase (¢), so achieving a reliable relationship between k and ¢ is
fundamental to obtain accurate predictions. One of these models

tested employs three fitting parameters and was used to perform
predictions of retention times in RP-HPLC gradient elution [7,8,14].

3)

£ 4)

log k"’:a—1+b<p

The three parameters contained in Eq. (4), a, b and c, are constants
of the chromatographic system (fixed column, organic modifier and
solute). This model has been successfully employed to predict the
retention time of neutral solutes in gradient mode, first by test-
ing it on some related compounds under three different gradient
patterns being methanol, acetonitrile and 2-propanol the organic
modifiers [14], and later by testing it on a wide range of compounds
under a large variety of different gradient patterns using methanol
or acetonitrile as the organic modifiers of the mobile phase [8].
Before using the model to perform predictions in gradient mode,
a previous isocratic calibration is necessary in order to determine
the three parameters of Eq. (4).

Several simplifications have been proposed in order to reduce
the amount of previous experimental work to be done [1,8]. One
of them is the two-parameter expression of the polarity model
[15,16]:

(5)

This polarity model relates the retention factor (k) to the polar-
ity of the mobile phase (PY) through two fitting parameters (q
and p). At the same time P, is related to the volume fraction of
organic modifier in the mobile phase (¢) by means of the following
empirical equation when acetonitrile is the organic modifier:

2.13¢
1+1.42¢

log ky = q+ pPY,

PN =1 (6)
Eq. (5) can be simplified even more by assuming a linear relation
between q and p, which was observed for a wide range of neu-
tral compounds [8,15]. This relation can be described through the
following expression:

q = (logk)o — pPY (7)

Substitution of Eq. (7) into Eq. (5) and rearrangement of terms
leads to Eq. (8):

(8)

This expression [15,17] contains three independent parameters.
Nevertheless, two of these parameters remain constant for a cer-
tain chromatographic system (fixed column and organic modifier),
which means that Eq. (8) can be considered as a model with only
one parameter, pg, which is mainly explained by the polarity of the
solute. In this model, the polarity parameter is expressed by po to

log ky = (logk)o + po(PR, — PY)

make a differentiation from the expression in the two-parameter
model, p (Eq.(5)). The two parameters that remain constantare (log
k)o, which represents the retention of the analyte in a hypothetical
case where the polarity of the mobile phase and the polarity of the
stationary phase were exactly the same, and PY, which stands for
the polarity of the stationary phase. These parameters only depend
on the chromatographic system and in any case depend on the
injected solute. This model has been successfully employed before
to predict the retention factor of neutral solutes in RP-HPLC, both
in isocratic mode and gradient mode [8,18-25].

The determination of PY and (log k) implies the measurements
of the retention time of 12 calibration substances in isocratic mode
atdifferent compositions of mobile phase [19,24]. Employing previ-
ously characterized columns or, in other words, columns that have
these two parameters already determined, allows the prediction
of retention times by only knowing the value of the parameter p
of the analyte, provided that P}, can be calculated through Eq. (6).
Once the values of (log k)o and PY have been determined, values
of p for any compound can be calculated from just one retention
measurement. This parameter basically depends on the polarity of
the solute; polar analytes have lower p values while apolar analytes
show higher p values, although it also depends, in a lesser degree,
on the organic modifier and on the stationary phase. The p polarity
parameter is also related to other important physical parameters,
like the logarithm of the octanol/water partition coefficient (log
Pojw) [26,27], and other molecular descriptors such as the LFER
solute descriptors proposed by Abraham [18,20].

2.2. Retention of ionizable compounds

The retention factor of an ionized analyte (k) is taken as the aver-
age of the retention factors of its protonated and dissociated forms
(kya and kg, respectively, which are the retention factors obtained
when the analyte is entirely in any of these forms), weighted by the
molar fraction of the corresponding form in the mixture [28-32].
The well-known equation that relates the mobile phase pH, the
pK; value of the analyte and the retention factors of both forms
of the analyte with the experimental retention factor is then the
following:

kHA+kA E ]oprpK‘;
ko = —— ok
1+ 10P""Pfa

where K} is obtained through the concentrations of their proto-
nated (HA) and dissociated forms (A), and the activity of H* in the
mobile phase, ay.

Analogous expressions can be obtained replacing the retention
factors with other type of retention parameters, such as retention
time, adjusted retention time, retention volume or adjusted reten-
tion volume [31-33]. When different arrangements are employed
with the same column, retention factors should be replaced with
adjusted retention times (the difference between the retention
time of the analyte and the hold-up time of the system) in order to
take into account only the time at which the analytes are retained
inside the column and not the extracolumn hold-up times. That
leads to the following expression:

9)

tr(HA) + ty(A) - 10PH-PK;
- 1+ 10PH-PK3

Eq. (10) defines a sigmoidal plot when representing the reten-
tion factor of an ionizable analyte against the pH value of the mobile
phase. In this plot, the inflection point indicates the pK} value of
the analyte, while the horizontal tendencies agree with the reten-
tion factor of the analyte in its neutral and ionized form. Thus, this
equation can be employed to predict the retention of the analytes
in RP-HPLC, provided that the mobile phase pH is properly known.

t

R

(10)
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In order to describe the ionization of different analytes, a model
that can be used with acid, basic and amphiprotic compounds was
proposed [34]. Since the retention of the ionized form of the solute
is very low compared to the retention of its neutral form, it is
assumed as a fraction of the retention of the neutral form, f. This
parameter can be calculated through Eq. (11):

ka \'

! (kHA)
where the subscripts in the retention factor (k) indicate that it is
referred to the deprotonated (A) or protonated (HA) form of the
compounds, while i represents a parameter used by Kaliszan and
Wiczling [35] which takes the value of 1 for monoprotic acids and
—1 for monoprotic bases.

Introduction of parameter finto Eq. (9) leads to Eq. (12), where
ky is the retention factor of the neutral form of the compound (HA
for a neutral acid but A for a neutral base):

(11)

log ky, =log ky +log[1 —D(1 — f)] (12)
where D is the degree of ionization of the compound and is repre-
sented by Eq. (13):

1

b= 1+ 10(PKs—PH)

(13)

Combination of Eq. (12) with Egs. (4), (5) and (8) leads to expres-
sions that allow the prediction of the retention of ionizable analytes
under gradient elution.

log ky =a— 5 fpb(p +1log[1 - D(1-f)] (14)
logky = q+ pPf, +log[1 - D(1 - f)] (15)
log ky = (logk)g + po(PY, — PN) + log[1 — D(1 — f)] (16)

To perform proper predictions, the ionization degree (D) must be
calculated at all points of the gradient. Since D is a function of both
the mobile phase pH and the analyte pKj; value, the variation of the
value of these parameters with the mobile phase composition has to
be modeled through the gradient elution. Although linear equations
relating those two parameters to ¢ have been already established
[36,37], they only cover a mobile phase composition range from 20%
to 60% of acetonitrile. Should a larger ¢ range be covered, empirical
second grade equations can also be fitted to experimental §,pH and
v PK; values obtained at different organic fractions, equations such
as the following:

WwPH = X00? + X190 + X (17)

wPKa = yo@* + y10+y2 (18)
where §,pH refers to the pH measured in a particular mobile phase
in which the acetonitrile fraction is ¢ and the potentiometric sys-
tem has been calibrated with aqueous buffers. In the same way,
3 PK, refers to the acidity constant in this mobile phase being the
proton activity referred to the infinite dilution of the proton in pure
water.

It should be noticed that a total of six additional parameters
(three regarding the determination of the pH, the other three
regarding the determination of the pK,) have to be calculated in
order to perform proper predictions. However, it also should be
noted that these parameters are part of a mathematical approach
to find the values of the pH and pKj, they do not strictly belong to
the chromatographic models.

3. Experimental
3.1. Instrumentation

For chromatographic measurements, two different Shimadzu
HPLC arrangements were employed. Arrangement 1 consisted of
two LC-10ADvp pumps, a SIL-20ACHT auto-injector, a SPD-M10Avp
diode array detector, a CTO-10ASvp oven and a SCL-10Avp con-
troller. Arrangement 2 consisted of two pumps (models LC-10ATvp
and LC-10ADvp), a SIL-10ADvp auto-injector, a SPD-10Avp UV-vis
detector, and a SCL-10Avp controller and a water bath in order to
keep the temperature constant at 25+ 0.1 °C. Mobile phase pH has
been measured with a Crison 5014 combined electrode, connected
to a pH meter GLP 22 potentiometer from Crison (Alella, Spain),
with an accuracy of £0.002 in pH units. For all chromatographic
measurements, an XTerra MS Cqg column (4.6 mm x 150 mm) from
Waters (Milford, MA, USA) was used.

3.2. Chemicals

Acetonitrile was 99.9% for HPLC, gradient grade, and was
obtained from Merck (Darmstadt, Germany), Prolabo (West
Chester, PA, USA) and Panreac (Barcelona, Spain). Double deion-
ized water was obtained with a Milli-Q system from Millipore
(Bedford, MA, USA), with a resistivity of 18.2MQcm. For the
pH buffering solutions, the following chemicals have been used:
phosphoric acid and potassium hydrogenphosphate from Merck,
citric acid and sodium acetate from Carlo Erba (Milano, Italy),
formic acid and triethylamine from Baker (Deventer, Netherlands),
tris(hydroxymethyl)aminomethane and ammonium hydrogencar-
bonate from Fluka (Steinheim, Germany) and pyrrolidine from
Sigma (St. Louis, MO, USA). These compounds were of analyti-
cal reagent grade or better. These chemicals were then mixed
with hydrochloric acid (p.a., Merck) or sodium hydroxide (p.a.,
Merck) solutions in order to obtain the exact desired }pH.
All buffers had a concentration of 10 mM. The analytes chosen
for this work (2,4-dinitrophenol, benzoic acid, 2,5-dinitrophenol,
2,4,6-tribromophenol, 2,4,5-trichlorophenol, vanillin, pyridine, 4-
tert-butylpyridine, 2,4-1utidine, 2,4,6-trimethylpyridine, lidocaine,
N,N-dimethylbenzylamine; shown in Tables 1 and 2) and the ones
used in the column characterization were obtained from Baker,
Aldrich (Steinheim, Germany), Merck, Carlo Erba, Fluka or Sigma
(reagent grade or better). KBr (p.a., Baker), methanol (99.9% for
HPLC, Merck) and acetone (99.5%, Panreac) have also been used
throughout this work.

3.3. Sample preparation

Samples were dissolved in acetonitrile at a concentration of
100 ppm and filtered through a 0.45 wm nylon filter. A set of 12
compounds was selected, 6 acids and 6 bases, all of them with only
one ionizable proton, i.e. only one pKj,. Those substances were cho-
sen in order to cover the whole pK; range (limited by the working
pH range of the column, from 2 to 11).

3.4. Procedure

Mobile phases used were mixtures of acetonitrile and aqueous
buffer. Since the chromatographic system mixed the two phases
automatically, the pH measurements were performed before the
buffer was mixed with the organic modifier; the potentiometric
system used in pH measurements was also calibrated with aque-
ous buffers. The total flow rate employed was always 1 mL/min.
Injection volume was 10 pL for every solute, and measurements
were taken in triplicate. Detection was performed with a UV-vis
detector, set at 254 nm.
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Table 2

Parameter values for each tested model and compound determined from isocratic retention.

Compound 3-Parameter model (Eq. (4))
a b c R? s F
2,4-Dinitrophenol 2.048 (+0.117) 0.852(+0.232) 5.313(+0.799) 0.9996 0.025 1151
Benzoic acid 2.637 (+£0.273) 4.683 (+0.859) 18.023 (+4.181) 0.9998 0.014 2150
2,5-Dinitrophenol 2.182 (+0.025) 1.181(+0.054) 6.192 (+0.191) 1.0000 0.005 32229
2,4,6-Tribromophenol 4.788 (+0.149) 2.656 (+0.231) 18.448 (+1.640) 0.9999 0.014 7457
2,4,5-Trichlorophenol 4.768 (+0.160) 3.039 (+0.256) 20.764 (+1.891) 0.9999 0.013 8205
Vanillin 2.061 (+0.083) 5.460 (+0.350) 16.622 (+1.411) 1.0000 0.003 19855
Pyridine 1.927 (+0.008) 11.081 (+0.056) 27.663 (+£0.221) 1.0000 0.0001 6834775
4-Tert-butilpyridine 4.934 (+0.381) 6.427 (+0.875) 38.044 (+7.202) 0.9999 0.012 5073
24-Lutidine 4377 (+£1.168) 12.079 (+4.406) 60.606 (+£35.488) 0.9996 0.014 1479
2,4,6-Trimetilpyridine 4,767 (+0.364) 10.323(+1.142) 56.654 (+9.761) 1.0000 0.006 13061
Lidocaine 5.014 (+0.166) 4.021 (+0.289) 26.672 (+2.302) 1.0000 0.010 12731
N,N-Dimethylbenzylamine 3.560 (+0.152) 5.017 (+0.422) 22.277 (£2.424) 0.9999 0.007 10740
2-Parameter (Eq. (5))
p q R? s F

2,4-Dinitrophenol 3.462 (+0.115) —1.151(+0.051) 0.9978 0.040 901
Benzoic acid 2.540(+0.197) —0.964 (+0.088) 0.9881 0.069 166
2,5-Dinitrophenol 3.312(+0.039) -1.025 (+0.017) 0.9997 0.014 7159
2,4,6-Tribromophenol 4.983 (+0.210) —0.996 (+0.093) 0.9965 0.073 564
2,4,5-Trichlorophenol 4.867 (+0.248) —1.120(+0.110) 0.9948 0.087 385
Vanillin 1.918 (+0.166) —0.845 (+0.074) 0.9851 0.058 133
Pyridine 1.131 (+0.136) —0.578 (+0.060) 09719 0.047 69
4-Tert-butilpyridine 3.513 (+0.338) —-0.816 (+0.150) 0.9819 0.118 108
24-Lutidine 2.157 (+0.270) —0.671 (+0.120) 0.9695 0.094 64
2,4,6-Trimetilpyridine 2.589 (+0.305) —-0.726 (+0.136) 0.9730 0.107 72
Lidocaine 4.539 (+0.312) —1.043 (+0.139) 0.9906 0.109 212
N,N-Dimethylbenzylamine 2.873 (+0.236) —0.635 (+0.105) 0.9867 0.082 148

1-Parameter (Eq. (8))

Po
2,4-Dinitrophenol 2.30(+0.67)
Benzoic acid 1.97 (+0.24)
2,5-Dinitrophenol 2.54 (+0.42)
2,4,6-Tribromophenol 4.36 (+0.26)
2,4,5-Trichlorophenol 3.87 (+0.42)
Vanillin 1.69 (+0.12)
Pyridine 1.69 (+£0.37)
4-Tert-butilpyridine 3.43 (+0.28)
24-Lutidine 2.48(+0.37)
2,4,6-Trimetilpyridine 2.75(£0.32)
Lidocaine 3.78 (£0.32)
N,N-Dimethylbenzylamine 3.31(+0.39)

The hold-up time of the system was determined with a solu-
tion of KBr as unretained solute, at a concentration of 100 wgmL!.
Its detection was performed at 190 nm [38]. Two different hold-
up times were determined: 1.25 minutes for arrangement 1 and
0.83 minutes for arrangement 2. The dwell time of the system was
determined with methanol and acetone [39], arrangement 2 gave
a dwell time of 2.73 minutes (the dwell time of arrangement 1 was
not needed since all gradient measurements were performed with
arrangement 2).

Studied mobile phase compositions in isocratic mode were 20%,
40%, 60% and 80% in acetonitrile volume percentage. In gradient
mode, four different types of gradient have been studied: linear,
concave, convex and combinations between them, all with different
durations. The profiles of the studied gradients are presented in
Fig. 1. For all these gradient profiles, three different initial aqueous
buffer pH values (ypH 5, ¥pH 7 and pH 9) were tested.

4. Results and discussion
4.1. Isocratic calibration

In order to setup the prediction models some isocratic data are
required; these isocratic data were obtained through arrangement

1. The first step in calibration is the column characterization pro-
cedure since the one-parameter model required the determination
of the two parameters of the chromatographic system, (log k), and
PN [22,24]. This procedure consisted in injecting a set of reference
compounds (1,2-dihydroxybenzene, benzamide, 3-methylphenol,
propiophenone, methyl benzoate, 4-nitrotoluene, butyrophenone,
naphthalene, propylbenzene, heptanophenone, butylbenzene,

Table 3
Values for the f parameter of each compound at a 20% of organic modifier.
1

2,4-Dinitrophenol 0.125
Benzoic acid 0.064
2,5-Dinitrophenol 0.117
2,4,6-Tribromophenol 0.057
2,4,5-Trichlorophenol 0.033
Vanillin 0.060
Pyridine 0.102
4-Tert-butilpyridine 0.020
24-Lutidine 0.048
2,4,6-Trimetilpyridine 0.034
Lidocaine 0.017
N,N-Dimethylbenzylamine 0.033
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Fig. 1. Gradients employed: (A) linear, (B) concave, (C) convex, and (D) combination.

chrysene) at four different isocratic mobile phase compositions
(20, 40, 60 and 80% of acetonitrile). After injection, the retention
values were plotted according to Eq. (5), and the p and q values
obtained for each compound through this linear regression were
later plotted according to Eq. (7) to find initial estimations of (log
k)o and PYN. After an iteration process implemented to refine the
initial estimations, the following final results were obtained: (log
k)o=-0.752; PN = 0.0066.

Once the column characterization was completed, the 12 stud-
ied compounds (referred in Table 1) were analyzed at 4 isocratic
mobile phase compositions (20, 40, 60, and 80% in acetonitrile)
and 10 different mobile phase }pH values between 2 and 11
(the pH working range of the column). The adjusted retention
times of the analytes were fitted to Eq. (10) for every acetonitrile
fraction; the §,pH values were measured at the end of the chro-
matographic arrangement. Afterwards, the §,pK, values and the
adjusted retention times of both the neutral and ionized forms
of all compounds were obtained from the fittings. Some repre-
sentative plots are given in Fig. 2, while the §,pK, values and
the adjusted retention times obtained for the limiting forms are
shown in Table 1, along with some relevant statistical param-
eters (R? stands for the correlation coefficient, s stands for the
standard deviation of the fitting and F stands for the Fisher dis-
tribution parameter). The adjusted retention times (t;) of the
neutral form of the compound were turned into retention factors
of the neutral species (ky) using the hold-up time of arrange-
ment 1. The characteristic parameters for the three-parameter,
two-parameter and one-parameter chromatographic models were
then calculated for each compound by means of Egs. (4), (5) and
(8), respectively. The results regarding the determination of the
chromatographic parameters of the different compounds for all
models are shown in Table 2. The j,pH measurements at the
end of the chromatographic arrangement and the 3,pK; values
determined from chromatographic data (Table 1) also permit-
ted the determination of the ionization degree (D) through Eq.
(13).

After determination of both retention factors (for the proto-
nated and deprotonated forms of the analyte), the values of the
f parameter could be calculated through Eq. (11). Slight different
values for each compound were obtained at different fractions of
organic modifier in the mobile phase but, since the retention of the
ionic form is always much lower than the one of the neutral form,
a unique fvalue for each compound was used for simplicity. This f
value was the one obtained at 20% of organic modifier in the mobile
phase. The decision was based on that, as a general pattern, the data
(see Fig. 2) was more accurate at lower fractions of acetonitrile than
at higher ones, because at higher percentages of organic modifier
the retention of the analytes is very low, so the relative error could
be high in case of slight inaccuracies in the measurement of either
the retention of the analytes or the system hold-up time. Values for
the f parameter are shown in Table 3.

Finally, the §,pH and §,pK, experimental values were fitted to
Egs. (17) and (18) to know the values of these parameters at all
times during gradient elution. All these equations along with some
relevant fitting statistical parameters are shown in Tables 4 and 5.

4.2. Transference to gradient elution

Experimental measurements were performed by injecting all
analytes under all gradient patterns tested and adjusted retention
times were obtained; arrangement 2 was employed for these mea-
surements. The adjusted retention time of each compound under
every gradient pattern was then predicted by substitution of the
parameters shown in Table 2 into Egs. (14), (15) and (16) (for
the three-, the two- and the one-parameter models, respectively).
Both adjusted retention times were compared; hold-up time of
arrangement 1 was used for the predictions (because it was the
one used in the calculation of the characteristic parameters for each
model), hold-up time of arrangement 2 was used for experimental
results (because all gradient measurements were performed with
this chromatographic system). The plots that show the calculated
adjusted retention times as a function of the experimental ones are
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Table 4
Fittings of the second grade equations for the evolution of pH values through concentration of acetonitrile.
wpH buffer Xo X1 X2 R? s F
5 0.869 1.613 5.084 0.9984 0.026 1278
7 0.381 1.312 7.001 0.9996 0.009 5193
9 —-0.873 -0.417 8.879 0.9989 0.011 1917
Table 5
Fittings of second grade equations for the evolution of pK, values through concentration of acetonitrile.
Compound Yo N y2 R? s #
2.4-Dinitrophenol 9.352 —-3.047 4.393 0.9969 0.162 161
Benzoic acid 4361 0.545 4.495 0.9876 0.248 40
2.5-Dinitrophenol 6.022 -2.262 5.726 0.9890 0.184 45
2.4.6-Tribromophenol 1.982 0.868 6.142 0.9957 0.081 117
2.4.5-Trichlorophenol 1.984 0.397 7.422 0.9994 0.026 794
Vanillin —2.849 4.866 7.146 0.9999 0.006 13261
Pyridine 0.455 —2.585 5.137 0.9446 0.231 9
4-Tert-butylpyridine 8.176 -8.571 6.967 0.9549 0.147 11
2.4-Lutidine -0.040 -2.709 6.926 1.0000 0.002 178406
2.4.6-Trimethylpyridine —2.358 —-0.626 7.347 0.9889 0.143 44
Lidocaine -3.106 0.043 7.897 0.9538 0.306 10
N,N-Dimethylbenzylamine 1.816 -3.873 9.696 0.9953 0.064 106

given in Fig. 3. In these plots, the expected straight line with a slope
of 1 and an intercept of 0 is also represented. The proximity of the
individual points to this line proves the quality of the model.

All three models give good results, although the one-parameter
model does not predict retention times as accurately as the
two-parameter and the three-parameter models. That happens
especially when predicting retention times of poorly retained com-
pounds (retention times under 5min). This can be easily checked
by looking at Fig. 4, which shows the residual values for the predic-
tion of the retention with all models in the three different mobile
phase pH values. As it can be seen, at low retention times the differ-
ence between the experimental values and calculated values may

rise up to almost two minutes in the one-parameter model, which
would not be a good prediction. The reason why this may happenis
because the one-parameter model has been obtained through sev-
eral simplifications so, although it saves lots of experimental work,
it may carry a slight loss of accuracy and the results may not be as
good as the ones obtained from the other two models. This 2-min
difference continues to be the general tendency when the retention
times increase (with a few exceptions) but, since the relative error
gets lower, the results may be considered as acceptable for most
substances. In fact, while in low retention times the error can rise
up to 70% of the experimental value in the worst case, the model
gives an average error of 21.87%, which is considered as acceptable.
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Fig. 2. Fitting of the experimental retention with mobile phases with 20% in acetonitrile to Eq. (10) for: (A) benzoic acid, (B) 2,4,6-tribromophenol, (C) pyridine, and (D)

2,4,6-trimethylpyridine.
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The two-parameter and the three-parameter models give much
better results, pretty similar between them as Fig. 4 shows. This
affirmation is confirmed by the average errors of the two mod-
els: 14.83% and 12.91%, respectively. Nevertheless, looking at the
residual values graphics for both two- and three-parameter models
(Fig. 4) all predictions are in the +2 min range except two points
obtained at pH 9. These two points belong to predictions for very
similar gradient profiles; both correspond to the prediction of the
retention of 2,4,6-tribromophenol under a 15-min, concave gradi-
ent pattern (the only difference between them is that one gradient
pattern goes from 20% to 80% of acetonitrile while the other one
only goes up to 60% of organic modifier; the point with higher
deviation represents this last gradient). As Fig. 1B shows, these
two gradient profiles keep the fraction of organic modifier very
close to 20% for the first few minutes, so it can be assumed that
these gradient elutions are very similar to an isocratic elution at a
20% of organic modifier. The curve representing retention vs. j,pH

90



Article 2

A. Andrés et al. /]. Chromatogr. A 1247 (2012) 71-80 79

25 -

A

20 ~

15 - a

t,' calculated
o

10

t;' experimental

25 -

20

15

10

t,' calculated

0 T T T T 1
0 5 10 15 20 25

t;' experimental

25

20

15 4

o

t.' calculated
te

‘e

10 4

0 T T T T !l
0 5 10 15 20 25

ty' experimental

Fig. 5. Comparison of the 2-parameter model prediction for the three different pH
values: (A) pH 5, (B) pH 7, and (C) pH 9.

for this compound at a 20% of acetonitrile (Fig. 2B) shows a dif-
ference of approximately 3 minutes between the fitting line and
the actual retention time at }ypH 9 (5,pH = 8.76). The predictions of
these two specific outliers give approximately the same absolute
error than the fitting line and no significant difference is observed

in any other measurement involving this compound. Despite these
outliers, both models seem to work in a very precise way.

To sum up, it can be concluded that the most accurate model is
the one that depends on three parameters, but the fact that more
parameters in the model imply more experimental work to do has
to be taken into account. A balance between accuracy and required
work must be found and, since the two-parameter model gives a
very good relationship between accurate results and experimen-
tal work to be done, it seems to be the most useful among the
three models tested. The one-parameter model is also useful when
routine measurements have to be made, since predictions can be
performed with just one injection of a compound.

Since the two-parameter model was chosen as the most useful
for predictions, its results were grouped by the pH of the mobile
phase to show the pH influence in fitting. The graphics are shown
in Fig. 5, and they indicate that predicting retention times with this
model is more reliable when working at an acidic pH value. The
analyses at pH 5 give very good results; most of the points remain
close to the theoretical line along the whole retention time range.
Fig. 5 also shows good results at pH 7 and pH 9, but the dispersion
seems to be slightly higher than the results at pH 5. The graphic indi-
cates that there are slight differences between the retention times
at pH 7 and that results are also pretty accurate at pH 9 except for
the two points of the 2,4,6-tribromophenol previously discussed.

5. Conclusions

Several models have been tested to predict the retention time of
12 differentionizable compoundsin acetonitrile-pH buffer gradient
elution RP-HPLC under 16 different gradient patterns. A three-
parameter expression, which had been already used before for
neutral compounds, has been modified by means of the addition
of a term that takes into account how the ionization of the analyte
changes with the pH and composition of the mobile phase. After
this addition, the model has been tested under a large amount of
gradient patterns to predict the retention time of some ionizable
compounds. The results obtained are very accurate, with no major
deviations observed.

Two simplifications of this three-parameter equation, based on
the p polarity parameter model have also been tested. One of them,
the two-parameter model, gives very good results under all condi-
tions studied. The second simplification, a one-parameter equation,
shows good results but with larger deviations for some cases. How-
ever, the use of this one-parameter equation requires very little
experimental work to characterize the solutes when working with
a previously characterized chromatographic system.

On the basis of the results obtained, it seems advisable to
use the two-parameter model for predicting retention times as a
general rule. If very accurate results are required, the use of the
three-parameter expression is recommended. On the other hand,
employing the one-parameter equation is strongly advisable when
working with previously characterized systems; in fact, a single
injection of the studied compound at just one mobile phase compo-
sition is enough to predict its retention under any gradient pattern,
whereas the use of the other chromatographic models implies at
least three injections. This reason makes the one-parameter model
the most adequate one from a practical point of view if the imple-
mentation of a routine analysis plan is desired because the model
gives more than acceptable predictions.

The two-parameter model, thought to be the most useful among
the three models tested, proves to be valid for the entire pH range.
Predictions seem to be more accurate when the analyses are per-
formed at an acidic pH value (pH 5), but the predictions obtained
when working at neutral and basic pH values (pH 7 and pH 9,
respectively) also show good agreement with the experimental
results.
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a suitable description of the pK, change with the mobile phase composition. In the present study this
previous experimental work has been simplified. The analyte pK, values have been calculated through
equations whose coefficients vary depending on their functional group. Forced by this new approach,
other simplifications regarding the retention of the totally neutral and totally ionized species also had to
be performed. After the simplifications were applied, new prediction values were obtained and compared
with the previously acquired experimental data. The simplified model gave pretty good predictions while
saving a significant amount of time and resources.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High-performance liquid chromatography (HPLC) has become
one of the most used analytical techniques nowadays because of
its multiple utilities and applications. The most important factors
involved in chromatographic elution are, for a particular column,
composition and pH of the mobile phase and working temperature.
One of the main modes in HPLC right now is gradient elution, an
elution mode that changes the composition of the mobile phase
during the chromatographic run and that, in turn, changes the pH
of the mobile phase and the pK, of the analyte since these two
parameters depend on the mobile phase composition. Therefore,
modeling retention of acids or bases becomes very complex and,
to get a suitable equation to foresee retention, the previous mod-
elation of the already mentioned parameters is needed [1,2]. Thus,
controlling their effect on retention results in a big advantage in
method development.

The literature shows efficient models that can predict gradi-
ent retention of compounds without acid-base properties, which
retention depends only on the composition of the mobile phase
[3-12]. Although it has been assessed to a much lesser degree,
retention of ionizable analytes has also been studied [13,14].

* Corresponding author. Tel.: +34 93 402 12 84; fax: +34 93 402 12 33.
E-mail address: e.bosch@ub.edu (E. Bosch).

http://dx.doi.org/10.1016/j.chroma.2014.10.038
0021-9673/© 2014 Elsevier B.V. All rights reserved.

Previous work in our research laboratory has established reliable
chromatographic models to predict the retention time of mono-
protic compounds regardless of the gradient pattern applied to
it. Thus, three different prediction equations were tested with a
set of 12 monoprotic compounds of different nature and success-
fully established as models to estimate the retention of monoprotic
compounds in RP-HPLC gradient elution [15].

The aim of this work is to test some simplifications in order to
predict retention of acid-base compounds in a simpler way, obtain-
ing acceptable predictions from less experimental input data.

2. Theory

The previously tested models [15], based on the works from
Nikitas and Pappa-Louisi [8,16,17] and Bosch, Rosés and collabo-
rators [18-21], relate the retention of the analyte to the change of
organic fraction of the mobile phase by means of a different num-
ber of adjustable parameters (one, two and three, respectively).
All three models worked quite well when predicting the retention
of compounds with acid-base properties under gradient elution,
although the two-parameter model was recommended over the
other two based on the relationship between accuracy in the pre-
dictions and experimental work to be done. This model follows Eq.
LL:

log ky = q + pP} +log[1 - D(1 - f)] 1)
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where log k,, stands for the retention of the analyte, g and p are two
fitting analyte dependent parameters [18] and P} is the polarity of
the mobile phase, which is related to the volume fraction of organic
modifier in the mobile phase (¢). When acetonitrile is used as the
organic modifier, the relationship between P and the mobile phase
composition is determined through Eq. (2) [18]:

2.13¢

N— — c————
Pn=1- 17235

(2)
In Eq. (1), D is the ionization degree of the analyte (expressed
asin Eq. (3)) and fis the relationship between the retention factors
of the ionized and neutral form of the analyte [22] (expressed as in
Eq. (4)).
» 1
- 1+ 10i(PKa—pH)

ka \'
! (kHA >

In Eqs. (3) and (4), i is a parameter used by Kaliszan and collab-
orators that takes the value of +1 for monoprotic neutral acids and
—1 for monoprotic neutral bases [14].

As stated previously, one of the key points in the development
of Eq. (1) was the control of the variation of the analyte pK, dur-
ing gradient elution. Previously, in order to estimate this variation,
isocratic pK; values were determined separately through retention
measurements at different pH values which were fitted to Eq. (5)
[23-29]:

3)

(4)

’ ’ pH-pK:
N trerny + tray - 10 N

1+ 10PH-PKs

th (5)
where tg’ stands for the adjusted retention time. Charges of ana-
lyte species have been omitted for simplicity. In this equation, the
pH and pK; can be expressed in the universal scale (§,pH, ;,pKa) or
in the particular scale of the specific solvent used as the mobile
phase organic modifier ({pH, pKa) since the pH—pK, difference is
the same for both scales [30]. The retention measurements were
repeated at various mobile phase compositions and, finally, the
isocratic pK, values were adjusted to a second grade equation in
order to obtain an expression that relates the evolution of the pK,
with the changes of mobile phase composition. Similarly, quadratic
empirical equations were established for pH variation in the three
tested buffered mobile phases along chromatographic runs [15].

Although this is an accurate way to model the pKj variation, this
experimental modeling requires a large amount of experimental
work. Instead, a new approach based on the seminal work done
by Chantooni and Kolthoff [31] and later developed in our lab-
oratory [29,32,33] has been taken into consideration. In it, $pK;
values are estimated through an equation that takes into account
the organic fraction of the mobile phase and shows different
coefficients depending on the functional group of the analyte. Thus,
the basis of this approach is that pK, values of compounds show-
ing a specific functional group (carboxylic acid, amine, etc.) change
equally when the solvent composition changes (in this case, the
organic modifier fraction in acetonitrile-water mixtures). Hence,
changes in the mobile phase composition result in changes in $pK;
values according to Eqs. (6)-(8):

$pKa = asyypKa + bs (6)

InEq. (6),$pK is the pK; value at any mobile phase composition,
wpK, is the pK; value in pure water, as is a parameter related to
the differences between specific solvation interactions (which, in
turn, depend on the solvent and on the family of the compound)
and bs is related to the differences in basicities, dielectric constants
and specific solvation interactions of the solute (hydrogen bonding,

A. Andrés et al. /J. Chromatogr. A 1370 (2014) 129-134

for instance) between acetonitrile and water [32]. These last two
parameters can be calculated through Eqs. (7) and (8):

2
T+ Pumecn + As2Piecn
1+ agz@mecn + as4(pf2\49c~

(7)

as

b bs1omecn + sz(pﬁ/)e(‘N
s =
1+ bs3pmecn + bs4(pﬁ19CN

(8)

where @pecy is the volume fraction of acetonitrile in the mobile
phase and as1, as, a3, As4, b1, bs2, bs3 and by are fitting parameters
constant for all compounds with the same functional group [29,32].
Parameters were determined for aromatic carboxylic acids (dif-
ferentiating between ortho-substituted aromatic carboxylic acids
and the others), aliphatic carboxylic acids, phenols, amines and
pyridines. This approach was only applied until up to 60% of ace-
tonitrile for all functional groups except for pyridines, with which
has been shown to work up to 100% thanks to the work by Pawlak
[34]. More extended explanations about the development of Eq. (6)
can be found in the literature [35-37].

However, working with {pK, values is quite difficult because
each value should have to be related to the pH scale of a specific
water-acetonitrile mixture. Instead, the j,pK; values have been
used. Conversion between $pK, values into §,pK, values can be
achieved through Eq. (9) [30,38-40]:

wPKa = $pKa +6 9)

In this expression, § is a parameter related to the primary
medium effect and to the difference between the liquid junction
potentials of the electrode system in the mobile phase and water.
Values for § have been previously published for acetonitrile-water
mixtures [30,33,40]. Then, §,pK, values could be obtained at any
organic fraction of mobile phase just knowing the }}pKj, a value
that can be easily found [41-43].

In the present approach, the experimental retention values of
pure ionized and neutral species obtained at extreme pH values
(pH 2 and pH 11) [15] were used to calculate the f parameter by
means of Eq. (4). Moreover, since the last term of Eq. (1) accounts
for the ionization of the analyte and becomes zero for the neutral
species, retention at extreme pH values at various mobile phase
compositions also allowed the determination of the p and g param-
eters. In summary, among the high number of parameters involved
in the present model (eight for pK; and three for pH modeling, one
for exchange between pK;, scales, two descriptors of the neutral
species and also the ratio of retention factors of the pure species
of the analyte) only three of them require previous experimental
work. They are f, calculated by means of Eq. (4),and p and q obtained
for neutral species by fitting retention vs. the mobile phase polarity
according to Eq. (1).

3. Experimental

Retention data used for this study were previously measured
[15]. Six different gradient patterns (two linear, two concave and
two convex) were considered, all of them went from 20% to 60%
of acetonitrile fraction in the mobile phase (Fig. 1). The gradient
profiles were tested using three different initial mobile phase pH
values: WpH 5 (acetate buffer), WpH 7 (phosphate buffer) and }ypH
9 (ammonium buffer). Then, 18 independent measurements have
been taken for each compound, which makes a total of 216 predic-
tions studied.

Extreme pH values for the retention determination of the pure
neutral and ionized species of the analytes were obtained using
phosphoric acid (}ypH 2) and pyrrolidine (}ypH 11) aqueous buffers.
From them, parameter f is calculated by Eq. (4). pK; values should
be computed by means of Eqs. (6)-(9). To solve the fundamental
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equation for gradient elution, a continuous gradient formed in the
mixer as a stepwise gradient formed by infinitesimal small time
steps is considered [15,16,21].

4. Results and discussion

Two different retention prediction approaches are compared in
this work. The former approach [15] is a methodology in which
experimental isocratic retention values at various mobile phase
compositions and several mobile phase pH values are measured
to determine the parameters of Eq. (5): the §,pK; value and the
adjusted retention times (t;e(HA) and t,’z( A)) of each analyte. The
$/PKa values for each compound at several mobile phase compo-
sitions were fit into a second grade equation in order to model the
evolution of the j,pK; value along the gradient elution runs. The
retentions of the neutral species of the analyte were used to cal-
culate p and g, (Eq. (1)); the retention of the neutral and ionized
species acquired at a 20% of acetonitrile were used to obtain the f
parameter for each compound by means of Eq. (4).

The new approach proposed in this work is simpler. In it, j, pKa
values were calculated at any mobile phase composition through
Egs. (6)-(9). Single retention data obtained at 20% of acetonitrile
and at a very acidic and a very basic pH (pH 2 and 11) were used in
order to obtain the f parameter value (Eq. (4)). p and g parameters
were calculated from retention data of the pure neutral form of the
compound at three different mobile phase compositions (Eq. (1)).
Thus, three potential sources of error should be considered when
implementing this new approach: the modeling of the evolution
of the pK, values with the mobile phase composition, the deter-
mination of the f parameter and the determination of the analyte
dependant parameters for the predicting model (p and q). Hence,
an accurate evaluation of these variability sources has been per-
formed.

A good, reliable modeling of the evolution of the pK, values
throughout the elution process becomes compulsory because slight
pK, variations could translate into significant errors in the pre-
dicted retention times. Since in the new approach the pK, values
are calculated instead of experimentally determined, a slight loss of
accuracy in the estimation of the pKj, variation is expected. Fig. 2a
and b shows the pK; evolution from both experimental and calcu-
lated values for the studied acids and bases, respectively.

The correlation between the pK, modeling using both
approachesisright. However, Fig. 2a and b show several discrepan-
cies in the evolution of the pK; for some compounds. Fig. 2a shows
that 2,4,5-trichlorophenol has a significant difference between the
pK, values at the beginning of the gradient, approximately one
half of a pK; unit. Hence, when the gradient elution runs in a pH

70
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Fig. 1. Gradient profiles used in this work.
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Fig. 2. (a) pK, evolution with the mobile phase composition of the studied acids
using the two different approaches for pK, modelation. (b) pK, evolution with the
mobile phase composition of the studied bases using the two different approaches
for pK, modelation.

value close to the pK; of the compound, a deviated prediction can
be expected. If the shape of the gradient patterns is taken into
account, concave gradient elutions (Fig. 1), which mostly remain
in the mobile phase fractions where the difference between pK,
modeling approaches is more significant (from 0.2 to 0.4), could
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Table 1
Values for the f parameter calculated through the two studied approaches, along
with their }{ pK, value.

Compound wpKa Former approach New approach
2,4-Dinitrophenol 4.09 0.125 0.079
Benzoic acid 4.20 0.064 0.050
2,5-Dinitrophenol 5.22 0.117 0.086
2,4,6-Tribromophenol 6.10 0.057 0.035
2,4,5-Trichlorophenol 6.72 0.033 0.032
Vanillin 7.40 0.060 0.040
Pyridine 525 0.102 0.120
4-tert-Butylpyridine 5.99 0.020 0.015
24-Lutidine 6.79 0.048 0.038
2,4,6-Trimethylpyridine 7.43 0.034 0.026
Lidocaine 7.95 0.017 0.003
N,N-Dimethylbenzylamine 8.91 0.033 0.018

originate a bigger difference between experimental and predicted
retention than elutions from other gradient profiles. Fig. 2a also
shows that 2,4-dinitrophenol has notable discrepancies between
both modeling approaches, but the differences are noticeable at
the end of the gradient and, since this analyte elutes before the gra-
dient reaches these high organic fractions, the predictions should
not be affected by these differences. On the other hand, Fig. 2b
shows that pK; modeling is very accurate in bases; both approaches
give similar results at the starting point of the gradient elution
except for N,N-dimethylbenzylamine and, apart from that, only 4-
tert-butylpyridine shows a significant difference at around 0.4 of
organic fraction, something that should not translate into relevant
prediction errors. Therefore, with the only potential exception of
N,N-dimethylbenzylamine, from a pK, modeling point of view, no
significant retention differences should be expected according to
the estimation way for pK; evolution among the basic compounds.

In the new approach, the f parameter determination is calcu-
lated from just one experimental retention value for each form of
the compound instead of a fitting value determined through sev-
eral isocratic measurements at different pH values, as the former
approach would. Table 1 shows the calculated f parameter values
as well as the }ypK, value of each compound as complementary
information:

Both approaches give consistent values of the f parameter
although the stated small differences can have a significant effect
onthe final predictions. Particularly, small inaccuracies in retention
measurements at the ionized side of the retention/pH plots, when
retention values are close to the hold-up time, might result in sig-
nificant differences in fvalues. That s the case of 2,4-dinitrophenol.
Besides, it has a }pK, value of 4.09, which means that its ioniza-
tion degree is very high whatever the mobile phase pH value is
among those tested. Hence, the f parameter takes a considerable
relevance in all tested gradients (Eq. (1)) so this substantial dif-
ference in f values can translate into a significant discrepancy in
predicted retention times. The other relevant difference among f
values is the one for lidocaine. Although the difference does not
seem to be that much important, there is a difference of almost
2 min between the fitting retention value and the experimental
inputdata (2.4 and 0.5 min, respectively) which leads to an fparam-
eter approximately five times smaller than the one obtained using
the former method. Such difference may also turn into significant
differences between the predicted retention for both approaches
when the analyte is completely ionized.

In the new approach, p and q parameters (Eq. (1)) have been cal-
culated through single retention values at different mobile phase
compositions instead of fitting values. Then, similar inaccuracies
than the ones in the determination of the f parameter can be
expected. It should be noticed that significantly inaccurate values
of p and q could explain systematic errors for isolated compounds

A. Andrés et al. / ]. Chromatogr. A 1370 (2014) 129-134

25 7

Predicted tg' with the newapproach (min)

o] S 10 15 20 25
Experimental tg' (min)

Fig. 3. Predicted retention data using Eq.( 1) and the new approach vs. experimental
retention data. Points correspond to: (1) B5, pH 5, several gradients, (2) A1, pH 5,
several gradients, (3) B6, pH 9, Cc4 gradient (concave, 15 min), (4) A5, pH 9. Cc4
gradient (concave, 15 min), (5) A5, pH 7, L4 gradient (linear, 15min), (6) A5, pH 7,
Cc4 gradient (concave, 15min).

in all gradients and mobile phase pH values tested, since these
characteristic parameters define the retention of each compound.

To test this new approach, the predictions performed were plot-
ted against the experimental adjusted retention times [15]; the
distance toa theoretical line in which both retention times are equal
enables to establish the accuracy of the predictions.

Fig. 3 shows that overall accuracy is very good and, except for
some isolated points, the predictions remain quite close to the the-
oretical line for the entire plot. However, one special issue has to
be assessed, and that would be the prediction of retention data
between 0 and 4 min, which seems to be not as accurate as desired.
This is exemplified in data point groups 1 and 2, which correspond
to lidocaine and 2,4-dinitrophenol, respectively. As stated previ-
ously, the f parameter plays an important role in understanding
why retention of totally ionized compounds, the most common
form of compounds in this range of retention time, is not regu-
larly well predicted. Thus, according to Eq. (1), the f parameter
gains importance as the ionization degree increases so, taking into
account that neutral compounds are quite well predicted, the accu-
racy of the f parameter value strongly determines the goodness
of retention predictions when the compound is significantly ion-
ized. In this specific case, points for lidocaine belong to pH 5 runs
(group 1) and points for 2,4-dinitrophenol (group 2) belong to all
mobile phase pH runs, all of them are cases where the analyte has a
very high ionization degree. There are several points in each group
because gradient profile does not matter here; in both cases the
compound is predicted to elute before the dwell time of the sys-
tem, which means that according to the prediction the retention of
the analyte is not affected by the gradient pattern.

Point 3 in Fig. 3 belongs to N,N-dimethylbenzylamine, and can
be explained through the variation between both approaches to the
pKa modeling. The slight but significant difference between both
pK, modelings at the starting point of the gradient pattern (Fig. 2b)
results in an about 2 min prediction error when the Cc2 gradient is
applied at pH 9, that is, a gradient profile that remains close to 20%
of organic fraction for along time and a mobile phase pH value close
to the \y pK; of the analyte (8.91). However, for other pH values and
gradient runs, the discrepancy in pK; evolutions is irrelevant.

Fig. 3 also shows the retention of 2,4,5-trichlorophenol in points
5 and 6, which also can be explained through the variation in
the pK, modeling methodology. Predicted retention is lower than
experimental retention in all gradients tested at pH 7, an expected
circumstance since the compound has a }ypK; value of 6.72 which
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is quite close to the mobile phase pH value, but L2 (point 5) and Cc2
(point 6) are the gradient patterns where the distance to the the-
oretical line is bigger. The difference between pK, modelings that
affected a good part of the chromatographic run explains the inac-
curacy in the prediction of this compound under these conditions.
On the other hand, the Cv2 gradient of 2,4,5-trichlorophenol under
these conditions does not show a significant difference in retention
since the convex profile of the gradient moves away quite quickly
from the organic fraction zone where pK, modelations differ the
most.

Predictions have not been found systematically inaccurate for
any specific compound, so it seems safe to say that the determina-
tion of the analyte dependent parameters p and q is good enough to
perform predictions through Eq. (1). There are some other points
thatare not quite close to the line along the entire plot. These points
usually come from totally ionized compounds where the predicting
model does not work as good as when it is applied to compounds
in their neutral form. Point 4 in Fig. 3 may be one of these cases.

Nevertheless, although not negligible, all these differences are
not significant enough to affect the overall accuracy of the predict-
ing model, which is very high taking into account the implemented
simplifications. The distances to the theoretical line are very small
in most cases moderate in the worst ones, so the model works
quite nicely for the entire retention range above 4 min. It should
be noticed that gradient time is very significant in retention and
no unexpected retention is obtained for the shorter gradient pro-
files (L1, Cc1 and Cv1). Thus, it has been proved that the present
simplified approach to the former prediction model [15] shows sat-
isfactory results for acidic and basic compounds which pKj lies in
the 4-9 range.

5. Conclusions

Previous work showed the successful establishment of an exper-
imental model that predicted the retention of acid-base analytes in
RP-HPLC gradient elution using acetonitrile as the organic modifier.
However, it required a significant amount of experimental work
when modeling the evolution of the pK; values throughout the gra-
dient elution process. Then, anew approach based on the functional
group of each analyte was proposed and tested in order to know
if quicker predictions could be given without losing accuracy. The
experimental data from previous work has been used.

The predictions using the simpler approach give very good
results; predictions are quite accurate and have been performed
without spending a significant amount of time on experimental
work. Two factors have been carefully studied: the influence of the
fparameter and the differences in the pK; modeling. Even though
the value of the f parameter obtained at 20% of organic modifier in
the mobile phase is the best way to determine the parameter, it has
been observed that there is an unavoidable experimental error inits
determination for some compounds that caused slightly inaccurate
predictions when the analyte is ionized. Evolution of the pK; value
during the elution process has been accurate for most compounds
and, for those showing differences, the prediction of the retention
has not affected the goodness of the model in a significant way.

Thus, it canbe concluded that the recommended two-parameter
model works quite well for neutral and partially ionized com-
pounds when the new approach is used. On the other hand, the
model loses accuracy when trying to predict retention of com-
pletely ionized compounds.

Acknowledgements

Financial support from the Ministerio de Educacién y Ciencia
of the Spanish Government and the Fondo Europeo de Desarrollo

133

Regional of the European Union (project CTQ2010-19217/BQU) is
acknowledged.

References

[1] G.W.Tindall, J.W. Dolan, Mobile-phase buffers: Part I. The interpretation of pH
in partially aqueous mobile phases, LCGC North Am. 20 (2002) 1028-1032.

[2] CF. Poole, The Essence of Chromatography, Elsevier Science B.V., Amsterdam,
2003.

[3] P.J. Schoenmakers, H.A.H. Billiet, R. Tijssen, L. De Galan, Gradient selec-
tion in reversed-phase liquid chromatography, J. Chromatogr. 149 (1978)
519-537.

[4] P. Jandera, ]. Churacek, Gradient Elution in Column Liquid Chromatography:
Theory and Practice, Elsevier Science B.V., Amsterdam, 1985.

[5] P. Nikitas, A. Pappa-Louisi, New approach to linear gradient elution used for
optimization in reversed-phase liquid chromatography, . Chromatogr. A 1068
(2005) 279-287.

[6] L.R. Snyder, J.W. Dolan, High-Performance Gradient Elution, Wiley, Hoboken,
NJ, 2007.

[7] F.Gritti, G. Guiochon, The ultimate band compression factor in gradient elution
chromatography, J. Chromatogr. A 1178 (2008) 79-91.

[8] P. Nikitas, A. Pappa-Louisi, Retention models for isocratic and gradient elution
in reversed-phase liquid chromatography, Retent. Mech. Chromatogr. Elec-
trophor. 1216 (2009) 1737-1755.

[9] U.D.Neue, H.-J. Kuss, Improved reversed-phase gradient retention modeling, J.
Chromatogr. A 1217 (2010) 3794-3803.

[10] J. Stahlberg, The thermodynamic limit of linear gradient chromatography, J.
Chromatogr. A 1217 (2010) 3172-3179.

[11] P. Agrafiotou, C.Rafols, C. Castells, E. Bosch, M. Rosés, Simultaneous effect of pH,
temperature and mobile phase composition in the chromatographic retention
of ionizable compounds, |. Chromatogr. A 1218 (2011) 4995-5009.

[12] JJ. Baeza-Baeza, C. Ortiz-Bolsico, J.R. Torres-Lapasi6, M.C. Garcia-Alvarez-
Coque, Approaches to model the retention and peak profile in linear
gradient reversed-phase liquid chromatography, |. Chromatogr. A 1284 (2013)
28-35.

[13] P. Wiczling, R. Kaliszan, Influence of pH on retention in linear organic modifier
gradient RP HPLC, Anal. Chem. 80 (2008) 7855-7861.

[14] P. Wiczling, R. Kaliszan, pH gradient as a tool for the separation of ionizable
analytes in reversed-phase high-performance chromatography, Anal. Chem.
82(2010) 3692-3698.

[15] A.Andrés, A. Téllez, M. Rosés, E. Bosch, Chromatographic models to predict the
elution of ionizable analytes by organic modifier gradient in reversed phase
liquid chromatography, J. Chromatogr. A 1247 (2012) 71-80.

[16] P.Nikitas, A. Pappa-Louisi, Expressions of the fundamental equation of gradient
elution and a numerical solution of these equations under any gradient profile,
Anal. Chem. 77 (2005) 5670-5677.

[17] P.Nikitas, A. Pappa-Louisi, K. Papachristos, Optimization technique for stepwise
gradient elution in reversed-phase liquid chromatography, |. Chromatogr. A
1033 (2004) 283-289.

[18] E. Bosch, P. Bou, M. Rosés, Linear description of solute retention in reversed-
phase liquid chromatography by a new mobile phase polarity parameter, Anal.
Chim. Acta 299 (1994) 219-229.

[19] M.Rosés, E. Bosch, Linear solvation energy relationships in reversed-phase lig-
uid chromatography: prediction of retention from a single solvent and a single
solute parameter, Anal. Chim. Acta 274 (1993) 147-162.

[20] P. Izquierdo, M. Rosés, E. Bosch, Polarity parameters of the symmetry C,s and
chromolith performance RP-18 monolithic chromatographic columns, J. Chro-
matogr. A 1107 (2006) 96-103.

[21] A. Téllez, M. Rosés, E. Bosch, Modeling the retention of neutral compounds in
gradient elution RP-HPLC by means of polarity parameter models, Anal. Chem.
81(2009) 9135-9145.

[22] D. Bolliet, C.F. Poole, M. Rosés, Conjoint prediction of the retention of neu-
tral and ionic compounds (phenols) in reversed-phase liquid chromatography
using the solvation parameter model, Anal. Chim. Acta 368 (1998) 129-140.

[23] C. Horvath, W. Melander, I. Molnar, P. Molnar, Enhancement of retention by
ion-pair formation in liquid chromatography with nonpolar stationary phases,
Anal. Chem. 49 (1977) 2295-2305.

[24] R.M. Lopes Marques, P.]. Schoenmakers, Modelling retention in reversed-phase
liquid chromatography as a function of pH and solvent composition, J. Chro-
matogr. 592 (1992) 157-182.

[25] P.J. Schoenmakers, R. Tijssen, Modeling retention of ionogenic solutes in liquid
chromatography as a function of pH for optimization purposes, |. Chromatogr.
A 656 (1993) 577-590.

[26] J.E. Hardcastle, 1. Jano, Determination of dissociation constants of polyprotic
acids from chromatographic data, . Chromatogr. B 717 (1998) 39-56.

[27] M. Rosés, E. Bosch, Influence of mobile phase acid-base equilibria on the chro-
matographic behaviour of protolytic compounds, J. Chromatogr. A 982 (2002)
1-30.

[28] M. Rosés, Determination of the pH of binary mobile phases for reversed-phase
liquid chromatography, . Chromatogr. A 1037 (2004) 283-298.

[29] X. Subirats, E. Bosch, M. Rosés, Retention of ionisable compounds on
high-performance liquid chromatography: XVI. Estimation of retention with
acetonitrile/water mobile phases from aqueous buffer pH and analyte pKj, J.
Chromatogr. A 1121 (2006) 170-177.

97



Publicacions

134 A. Andrés et al. / ]. Chromatogr. A 1370 (2014) 129-134

[30] S. Espinosa, E. Bosch, M. Rosés, Retention of ionizable compounds on HPLC: 5.
pH scales and the retention of acids and bases with acetonitrile-water mobile
phases, Anal. Chem. 72 (2000) 5193-5200.

[31] M.K. Chantooni, .M. Kolthoff, Resolution of acid strength in tert-butyl alco-
hol and isopropyl alcohol of substituted benzoic acids, phenols, and aliphatic
carboxylic acids, Anal. Chem. 51 (1979) 133-140.

[32] S. Espinosa, E. Bosch, M. Rosés, Retention of ionizable compounds in
high-performance liquid chromatography: 14. Acid-base pK, values in
acetonitrile-water mobile phases, |. Chromatogr. A 964 (2002) 55-66.

[33] X. Subirats, E. Bosch, M. Rosés, Retention of ionisable compounds on high-
performance liquid chromatography, J. Chromatogr. A 1059 (2004) 33-42.

[34] Z. Pawlak, Solvent effects on acid-base behaviour acidity constants of eight
protonated substituted pyridines in (acetonitrile + water), ]. Chem. Thermodyn.
19 (1987) 443-447.

[35] F.Rived, M. Rosés, E. Bosch, Dissociation constants of neutral and charged acids
in methyl alcohol: the acid strength resolution, Anal. Chim. Acta 374 (1998)
309-324.

[36] M. Rosés, F. Rived, E. Bosch, Dissociation constants of phenols in
methanol-water mixtures, J. Chromatogr. A 867 (2000) 45-56.

[37] F. Rived, I. Canals, E. Bosch, M. Rosés, Acidity in methanol-water, Anal. Chim.
Acta 439 (2001) 315-333.

[38] R.G. Bates, Determination of pH: Theory and Practice, Wiley, New York, 1964.

[39] L.Sucha,S.Kotrly, Solution Equilibriums in Analytical Chemistry, Van Nostrand
Reinhold, New York, 1972.

[40] L.G. Gagliardi, C.B. Castells, C. Rafols, M. Rosés, E. Bosch, Delta conversion
parameter between pH scales (§,pH and {pH) in acetonitrile/water mix-
tures at various compositions and temperatures, Anal. Chem. 79 (2007)
3180-3187.

[41] G. Kortiim, W. Vogel, K. Andrussow, Dissociation Constants of Organic Acids in
Aqueous Solution, Butterworths, London, 1961.

[42] D.D. Perrin, Dissociation Constants of Organic Bases in Aqueous Solution, But-
terworths, London, 1965.

[43] BioLoom online database: http://www.davidhoekman.com/bio-loom/bin/
details

98



Article 4

Journal of Chromatography A, 1385 (2015) 42-48

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Prediction of the chromatographic retention of acid-base compounds
in pH buffered methanol-water mobile phases in gradient mode by a
simplified model

Axel Andrés, Marti Rosés, Elisabeth Bosch*

Departament de Quimica Analitica and Institut de Biomedicina (IBUB), Universitat de Barcelona, Marti i Franqués 1-11, E-08028 Barcelona, Spain

ARTICLE INFO ABSTRACT
Article history: Retention of ionizable analytes under gradient elution depends on the pH of the mobile phase, the pK; of
Received 9 December 2014

the analyte and their evolution along the programmed gradient. In previous work, a model depending on
two fitting parameters was recommended because of its very favorable relationship between accuracy
and required experimental work. It was developed using acetonitrile as the organic modifier and involves
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1. Introduction

High-performance liquid chromatography is nowadays one of
the most used separation techniques in analytical method devel-
opment. Predicting retention models are powerful tools to foresee
the separation conditions of compounds and to optimize the exper-
imental work. However, there are many factors involved in gradient
chromatographic elution (organic modifier, buffering agent, pH and
composition of the mobile phase, elution mode and gradient pro-
file and pK, of the analyte among others) and taking all of them
into account to predict chromatographic retention is not an easy
task. Thus, the gradient retention prediction of compounds with
acid-base properties becomes a significant analytical challenge.

Many studies assessing this topic have been published. Some
of them explain the behavior of neutral compounds in gradient
mode and show several ways to predict their retention [1-11], oth-
ers describe the isocratic retention of compounds with acid-base
properties emphasizing the significance of the ionization degree
of the analyte when predicting its retention [12-15], and there are
some other studies that combine both the elution in gradient mode
and the elution of ionizable compounds [16-19]. Combination of
these two features is quite complex because the mobile phase

* Corresponding author. Tel.: +34 93 402 12 84; fax: +34 93 402 12 33.
E-mail address: e.bosch@ub.edu (E. Bosch).

http://dx.doi.org/10.1016/j.chroma.2015.01.062
0021-9673/© 2015 Elsevier B.V. All rights reserved.

composition changes throughout the elution process and can lead
to a strong effect on the pH of the mobile phase and the pKj; of the
analyte. Therefore, the ionization degree of the analyte changes in
the course of its elution [20] and the extent of this variation depend
on how close are the analyte pK, and the mobile phase pH and, also,
on how different is their variation during elution. Thus, modeling
both the pH of the mobile phase and the pK; of the analyte along the
chromatographic run is mandatory to obtain good predictions [21].
Inthat sense, previously developed equations to model the pK; evo-
lution with the acetonitrile content of the mobile phase were used
to build a useful prediction model of gradient retention [19,22].

2. Theory

The chromatographic model studied in this work is based on
the publications from Nikitas and Pappa-Louisi [3-5,23] and Bosch
and coworkers [8,19,22,24,25]. Three predicting models depend-
ing on one, two and three fitting parameters, respectively, allowing
the successful retention prediction of neutral compounds in gradi-
ent elution were developed [8]. These models were later upgraded
for the prediction of compounds with acid-base properties. Among
them, the two-parameter one was recommended and used for all
further predictions [19]. It is shown in Eq. (1):

log ky = q+ pPN +log[1 - D(1 - f)] (1)
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where log k,, refers to the retention of the analyte, PN is the polar-
ity of the mobile phase (related to the volume fraction of organic
modifier and determined differently for the different organic mod-
ifiers), and g and p are the two fitting parameters for the predicting
model. Besides, D is the ionization degree of the analyte (related
to the analyte pK, and to the mobile phase pH) and f is the ratio
between the retention factors of the pure ionized and pure neutral
forms of the compound, as shown in Egs. (2) and (3):

1
= 1+ 10(PKa—pH)

ka \'
! (kHA) (3)

In these equations, parameter i takes the value of +1 for acids
and —1 for bases [17]. Charges of the analyte species have been
omitted for simplicity.

Since the purpose of this model is predicting retention of
acid-base compounds in gradient elution, a working mode that
changes the composition of the mobile phase during the elution,
controlling the changes in the pK; of the different analytes is needed
to obtain an accurate estimation of the ionization degree evolution
during the chromatographic run. In that sense, a first experimental
approach was tested using the well-known equation that consid-
ers the retention of ionized analytes as the average of the retention
of their neutral and ionized species weighted by the molar frac-
tion of each species in the mobile phase [19,26-29]. However, this
approach turned out to be very time-consuming since many iso-
cratic measurements at various pH values and different organic
fractions had to be performed to obtain suitable pK, values for
every compound. In order to perform quicker predictions, experi-
mental isocratic measurements were replaced by a pK; estimation
approach based on the work done by Chantooni and Kolthoff [30]
and, afterwards, by Rived et al. [31-33]. This approach leads to Eq.
(4):

(2)

wPKa = as\ypKa + bs + & (4)

where §,pKa and \pK, refer to the analyte acidic constant,
expressed in the absolute scale, in the mobile phase and in pure
water, respectively, and as and bs are parameters depending on
the acid-base functional group of the analyte (with coefficients
established for aromatic carboxylic acids, aliphatic carboxylic acids,
phenols, amines and pyridines) [33]. Parameter § stands for the pri-
mary medium effect modified according to the difference between
the liquid junction potentials of the electrode system in the mobile
phase and in pure water. It allows the transference to the §, pK; from
$pK, scale, which is the scale relative to the measuring solvent. The
use of §,pK, and §,pH scales involves an evident advantage when
chromatographic gradient mode is used since each one of them
is referred to a unique standard state along the whole chromato-
graphic run, the infinite dilution of solute in pure water [34-38].

In addition, experimental retention values of pure ionized and
pure neutral species obtained at extreme pH values (pH 2 and pH
11) were used to calculate the parameter f[Eq. (3)]. Retention val-
ues of the neutral form of the analyte at the suitable extreme pH
and various mobile phase compositions were used for the determi-
nation of p and g parameters [Eq. (1)].

This approach was successfully tested using acetonitrile as the
organic modifier [22]. In order to check whether the predicting
model can be used in the present instance, coefficients for Eq.
(4) proposed for methanol/water mixtures must be used. These
coefficients were derived for a wide solvent composition range and
allow a reliable §,pK; modeling up to 80% of methanol, the highest
organic fraction for all tested gradient patterns [33,38]. Besides, Eq.
(5) enables the determination of PY [Eq. (1)] when methanol is used

as the organic modifier of the mobile phase [24] and ¢ stands for
its volume fraction:

N 1.33¢
fm=1-13 0470 el
In summary, only two fitting parameters, p and g, are involved
in the prediction model and they should be determined by fit-
ting logke vs. PN, for the pure neutral species according to Eq.
(1). Moreover, parameter f is derived from retention factors of the
pure species of the analyte by means of Eq. (3). In this work, pH is
modeled for the three used buffers according a quadratic equation.
Other parameters (eight for pK, evaluation plus § values) are given
in literature.

3. Experimental
3.1. Instrumentation

Chromatographic measurements have been performed on a Shi-
madzu HPLC system that consisted of two LC-20AD pumps, an
SIL-20ACHT auto-injector, an SPD-M10AVvp diode array detector
and a CTO-10ASvp oven set at 25°C. Mobile phase pH has been
measured with a Crison 5014 combined electrode, connected to a
pH meter GLP 22 potentiometer from Crison (Alella, Spain), with an
accuracy of £0.002 in pH units. The chromatographic column used
in this work is a Gemini 5pum Cyg 110A column (4.6 x 150 mm)
from Phenomenex (Torrance, CA, USA). A Gemini Cyg (4 x 3mm)
precolumn was used in order to extend the useful life of the column.

3.2. Chemicals

Gradient grade methanol was used in this work and was
obtained from Prolabo (West Chester, PA, USA), Panreac (Barcelona,
Spain) and Baker (Deventer, Netherlands). Double deionized water
was obtained with a Milli-Q system from Millipore (Bedford, MA,
USA), with a resistivity of 18.2 M2 cm. The following chemicals
have been used in the preparation of the different aqueous buffers:
phosphoric acid and potassium hydrogen phosphate from Merck
(Darmstadt, Germany), sodium acetate from Carlo Erba (Milano,
Italy), ammonium chloride from Merck and pyrrolidine from Sigma
(St. Louis, MO, USA), all compounds had analytical reagent grade or
better. These chemicals were mixed with hydrochloric acid (p.a.,
Merck) or sodium hydroxide (p.a., Merck) solutions in order to
obtain the exact desired \pH. The concentration of all buffers
was 10 mM. The chosen compounds, 10 acids and 10 bases, were
obtained from Baker, Aldrich (Steinheim, Germany), Merck, Carlo
Erba, Fluka or Sigma (reagent grade or better). They are listed in
Table 1 along with their \ypK; values and Fig. 1 presents the phar-
maceutical drugs which show more complex structures. Potassium
bromide (p.a., Baker), and acetone (99.5%, Panreac) have also been
used in this work.

3.3. Sample preparation

Samples were dissolved in pure methanol and brought to a con-
centration of 100 ppm, then were filtered through a 0.45 pum nylon
filter.

3.4. Procedure

The hold-up time of the chromatographic system, including the
precolumn, was determined by means of a solution of KBr as unre-
tained solute at a concentration of 100 ppm and detected at 190 nm
[39]. The dwell time of the system was determined with methanol
and acetone as described [40]. Ten different gradient profiles have
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Fig. 1. Studied drugs.

been tested in this work: 2 linear, 2 concave, 2 convex and 4 com-
binations between them, all of them go from 20 to 80% of methanol
(Fig. 2).

For all these gradient patterns, three different initial aqueous
buffers (\ypH 5, acetate buffer; }ypH 7, phosphate buffer and }ypH 9,
ammonium buffer) were tested. The pH measurements were per-
formed before the buffer was mixed with the organic modifier. In
order to know how the}, pH changed with the mobile phase compo-
sition, samples of mobile phase at different organic fractions were
collected at the end of the chromatographic system, measured and
fit to a second grade equation for each aqueous buffer. Coefficients
and statistics for the derived equations are given in Table 2. Reten-
tion measurements for each compound at each pH and gradient
profile were taken by duplicate.

Parameter f is calculated by Eq. (3) from retention measure-
ments of the pure neutral and ionized species of the analytes in
extreme pH values (WpH = 2 and \ypH = 11, buffered by phosphoric

acid and pyrrolidine, respectively)at ¢ = 0.4.3,pK, values were com-
puted according to equations and coefficients given in literature
[33,38]. To solve the fundamental equation for gradient elution, a
continuous gradient created in the mixer as a stepwise gradient
formed by infinitesimal small time steps is considered [4,8,19].

4. Results and discussion

To test the predicting model, a total of about 600 measurements
were carried out and the experimental retention times were com-
pared to the predictions performed through Eq. (1). Results are
plotted in Fig. 3.

The correlations between the predicted and experimental reten-
tion times are quite good, with no major deviations observed along
the entire plots. In fact, results depicted in Fig. 3 show that the
proposed model predicts retention quite well with the errors sta-
tistically distributed, despite positive deviations (tpreq, — texp.) tend
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Table 1
Studied compounds along with their \ypK; value.
Compound wpkKa,
2,4-Dinitrophenol 4.09
Benzoic acid 4.20
2,5-Dinitrophenol 5.22
2,4,6-Tribromophenol 6.10
2,4,5-Trichlorophenol 6.72
Vanillin 7.40
Pyridine 5.25
4-tert-Butylpyridine 5.99
2,4-Lutidine 6.79
2,4,6-Trimethylpyridine 7.43
Lidocaine 7.95
N,N-dimethylbenzylamine 8.91
Atorvastatin 4.04
Flufenamic acid 4.16
Naproxen 428
Rosuvastatin 4.44
Bupivacaine 8.10
Clonidine 8.05
Diltiazem 7.79
Trazodone 6.73

90 4

% MeOH

10 4

0 2 4 6 8 10 12 14 16 18 20
time (min)

90 -

% MeOH

10 -

0 2 4 6 8 10 12 14 16 18 20

time (min)

Fig.2. Gradientpatterns used in this work: (A)linear, concave and convex gradients,
(B) varied gradients.

to be slightly higher than the negative ones. In any case, retention
times of about 95% of measurements deviate less than 2 min from
the experimental values and most of them, 85%, less than 1 min.
Nevertheless, some points show a slight inaccuracy. According
to previous work [22], there are four different potential sources
of error when using this predicting model: (a) the neutral analyte
predicting model itself, i.e., the accuracy of the analyte dependent
parameters, q and p [Eq. (1)]; (b) the modeling of the pH evolution
with the mobile phase composition (Table 2); (c) the modeling of

the pK; change with the mobile phase composition [(Eq.(4)]; (d) the
evaluation of the parameter f, i.e., the ratio between the retentions
of the ionized and neutral analyte species [Eq. (3)]. It can be argued
that p and q values are not necessarily the same for the neutral and
ionized species of the analyte and their eventual differences might
involve another source of error. However, the used model assumes
that parameter q is affected by the analyte ionization according to
fvalue (actually logf) but p value is constant whatever the ioniza-
tion degree of the analyzed compound. Thus, besides the already
mentioned ones, no new sources of error have to be taken into
account.

In this study, there is no evidence that calculations of g and p
can be the reason of any inaccuracy since no significant deviations
from the behavior foreseen by Eq. (1) (logkg vs. PN for the neutral
species) for any compound have been found.

The modeling of the pH and pK, evolution does not appear to
affect seriously the accuracy of the predicting model because pre-
dictions for partially ionized compounds are mostly very accurate.
In fact, Table 2 shows a very good fitting of pH experimental values
with those calculated by the quadratic equations that model the pH
evolution with the mobile phase composition for the three tested
buffers. Moreover, the goodness of the pK; modeling was expected
since the used equations were widely tested in methanol/water
binary mixtures and their robustness strongly confirmed [31-33].
However, the analysis of the results according to the mobile phase
pH reveals that when basic or acidic mobile phases are used (pH 9
and 5) the results are excellent for any compound but for neutral
mobile phases (pH 7) they are slightly worse, Fig. 3. It should be
noticed that at basic pH all the acidic compounds are completely
ionized whereas some bases remain in their neutral form but some
others, N,N-dimethylbenzylamine and most of the tested basic
drugs, change its ionization degree along the chromatographic run
(see pK; values shown in Table 1). Since acidity constants of pro-
tonated bases decrease with the methanol content in the same way
than the buffer agent, ammonium, the difference between mobile
phase pH and analyte pK, remains almost constant along the whole
run and, then, the D value too [Eq. (2)]. Thus, the applied gradient
has only a slight effect on the analyte ionization degree, the second
right hand term in Eq. (2) becomes almost constant and the actual
retention mainly depends on the change of mobile phase polar-
ity, P\, associated to the gradient run. Similar reasons explain the
retention results obtained at pH 5, where the acidic analytes are
partially ionized and its dissociation degree changes along the elu-
tion event, whereas the basic compounds remain in cationic form,
with the exceptions of pyridine and 4-tert-butylpyridine. In this
instance, changes of dissociation degree of acids mimic the one
of the buffer, acetic acid, and this fact results in small prediction
errors for acids, as expected. The results also show that param-
eter D accounts very well for the variation of ionization changes
experienced by N,N-dimethylbenzylamine, basic drugs with \¥pK;
about 8, pyridine and 4-tert-butylpyridine along all the tested chro-
matographic runs, verifying in this way the goodness of the model.
Predictions obtained at pH 7 are slightly worse. In this instance,
both acidic and basic compounds change their ionization degree
along the run, whereas the pK, for acidic compounds imitates
that of the buffering phosphoric acid [15], the opposite behavior
is expected for protonated bases. Then, slight inaccuracies in the
analyte pK; modeling can result in small deviations to the equal-
ity line (Fig. 3). A more complete explanation about the effect of D
evolution on the gradient retention of acidic and basic compounds
was given in Ref. [18].

Thus, the determination of the parameter f seems to be the
most significant source of inaccuracy regarding this prediction
model. Previous work performed in acetonitrile containing mobile
phases showed that the best way to determine the parameter f
was through retention measurements at 20% of acetonitrile since
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Table 2

Fitting coefficients and statistics for the evolution of pH from 20 to 80% volume fraction of methanol, ¢, in the mobile phase. (,pH = Xo¢? + X1 ¢ + X3).
wpH buffer Xo X1 X2 R? s F
5 (HAcO/AcO™) 0.875 1.625 4.940 0.9984 0.045 313.7
7 (H2PO4~[HPO4?") 2437 0.582 7.212 0.9995 0.029 1101.8
9 (NH4*/NH3) -0.281 -0.361 9.018 0.9776 0.044 21.8

at low organic fractions, retention times are high enough and
potential errors become small. Since the retention times at 20%
of methanol exceeded the reasonable time threshold for chro-
matographic retention and because of the presence of methanol
in the mobile phase origins longer retention times than acetoni-
trile, the parameter f was determined from measurements at a
40% of methanol, an organic fraction where retention values were
long enough to get suitable f values. The most relevant inaccu-
racies in the predictions are shown in Fig. 3 as points 2 and 3
and the points group labeled by 1. They correspond to differ-
ent compounds and different pH values but have in common
that the ionization degree of the analyte for the measurements
was very high along the entire gradient run in all three cases.
As shown by Eq. (1), when D has a high value, the parameter f
becomes very relevant in its prediction ability. Then, slightly erro-
neous f values result in somewhat inaccurate predictions for those
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compounds. Data points 2 and 3 correspond to the elution at pH 7
of 2,4-dinitrophenol and 2,5-dinitrophenol, using a 15-min con-
cave gradient. A difference between the estimated f value and
its actual value becomes more important when the gradient pro-
file stays close to 20% for most part of the chromatographic run,
as concave gradients do, so it is expected that slight inaccurate
values of the parameter f have a larger effect in this type of gra-
dient profiles. Other gradient patterns also show some differences
between predicted and experimental values but they are not as
significant as these ones. Finally, data point group 1 belongs to
clonidine at pH 5, a pH where the analyte is in its cationic species;
it appears as a point group because no specific gradient has to be
applied, because the chromatographic model predicts a retention
time lower than the dwell time of the system. Then, the gra-
dient pattern does not have any effect on the prediction of the
retention.
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Fig. 3. Predicted retention times plotted against experimental retention times and associated errors (in minutes).
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Fig. 4. Predicted retention times plotted against experimental retention times for
some pharmaceutical drugs (in minutes).

Inorder to validate the proposed model for compounds of higher
structural complexity and pharmaceutical interest (Fig. 1), Fig. 4
compares the predicted to the experimental retention isolating
the corresponding data points from Fig. 3. It shows a fairly good
evaluation of the accuracy of predictions.

The correlation between the two data setsisvery good and, apart
from the points belonging to clonidine already explained (data
points group 1 in Fig. 3), there are no significant outliers. Besides,
the way that points distribute along the equality line seems very
similar to the distribution observed in Fig. 3, which means that the
predicting model reacts in a similar way when applied to simple or
more structurally complex compounds. Thus, it seems reasonable
to point out that the predicting method works with a great accu-
racy regardless of the analyzed compound, something that proves
the robustness of the chromatographic model.

5. Conclusions

A chromatographic model able to predict retention of acid—-base
analytes in RP-HPLC gradient elution was already tested and estab-
lished. This model included an approach based on equations to
evaluate the changes in the pK; values of analytes throughout their
gradient elution process in order to avoid the experimental work
this step required. The predicting model showed a good overall
accuracy. However, these studies were carried out using acetoni-
trile in the mobile phase. Then, in this work, the model has been
tested using methanol as the organic modifier in order to extend
its applicability.

The overall accuracy of the predicting model is quite good,
among the 600 predictions of 20 solutes just a few points are signif-
icantly far from the equality line. The equations that model the pK,
evolution have displayed a very good behavior for all tested com-
pounds in all gradient conditions and no significant errors can be
attributed to a poor modeling of the pK; values. Several compounds
with higher structural complexity have been included in the stud-
ied set of substances in order to verify if the model is suitable for
the common drugs. It has been demonstrated that the predicting
model equally works for simple and complex analytes.
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Several procedures based on the shake-flask method and designed to require a minimum amount of drug
for octanol-water partition coefficient determination have been established and developed. The proce-
dures have been validated by a 28 substance set with a lipophilicity range from —2.0 to 4.5 (logD; 4).

The experimental partition is carried out using aqueous phases buffered with phosphate (pH 7.4) and
n-octanol saturated with buffered water and the analysis is performed by liquid chromatography. In
order to have accurate results, four procedures and eight different ratios between phase volumes are pro-
posed. Each procedure has been designed and optimized (for partition ratios) for a specific range of drug
lipophilicity (low, regular and high lipophilicity) and solubility (high and low aqueous solubility). The
procedures have been developed to minimize the measurement in the octanolic phase.

Experimental logD; 4 values obtained from different procedures and partition ratios show a standard
deviation lower than 0.3 and there is a nice agreement when these values are compared with the refer-
ence literature ones.
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1. Introduction

Drug discovery is a relevant step in the development of new
drugs. The common procedure is starting with a large number of
new potential molecules, test them against biochemical targets
and select the ones that show a significant activity, which may
be considered as candidates for further development. The next
stage in compound selection is identification of those which are
more likely to be well absorbed and distributed in the human body
and, although a considerable number of routes for absorption of
drugs through membranes exist, transport by passive diffusion is
the most common one. In order to be absorbed by this route, drugs
must be lipophilic enough to penetrate the lipid cores of mem-
branes, but not so lipophilic that they get stuck there (Comer,
2003). So lipophilicity, the measure of affinity of a drug for a lipid
environment, has become a parameter of great importance in the
pharmaceutical industry because it indicates the relationship of
drugs with their biological, pharmacokinetical and metabolic prop-
erties (Hansch and Leo, 1979; Leo et al., 1971; Seydel and Schaper,
1981).

Lipophilicity can be measured by determination of the distribu-
tion of a drug between an organic solvent, generally n-octanol sat-
urated with water, and an aqueous phase. The partition coefficient
(P) refers to the ratio of compound concentration in each phase and
can be determined experimentally by a variety of methods includ-
ing the well-known shake-flask method (EPA, 1996; OECD 107
Method, 1995), potentiometric methods (Avdeef, 1993, 1992;
Rafols et al., 2012; Takacs-Novak and Avdeef, 1996), chromato-
graphic methods (Donovan and Pescatore, 2002; Kaliszan et al.,
2002; Liang and Lian, 2015; OECD 117 Method, 2004; Pallicer
et al., 2012, 2010; Wiczling et al., 2008) and others. Besides,
lipophilicity can also be estimated using computer software and
extensive studies about the accuracy of calculated logP values by
different computer software has already been carried out (Chou
and Jurs, 1979; Leo, 1987; Mannhold et al., 2009; Pallicer et al.,
2014; Tetko et al., 2009). However, when an ionizable compound
is equilibrated in a two-phase system at a pH at which it is partially
ionized, its concentration in the organic and aqueous phases is
directly related to the distribution coefficient (D), which is defined

Table 1
log D7 4 values and their implications for drug development (adapted from reference
(Comer, 2003; Taylor and Triggle, 2007)).

logD7 4 Implications for drug development
Below 0  Intestinal and CNS (central nervous system) permeability
problems
Susceptible to renal clearance
0-1 May show a good balance between permeability and solubility
1-3 Probably an optimum range for CNS and non-CNS orally active
drugs
Low metabolic liabilities
Generally good CNS penetration
3-5 Solubility tends to become lower
Metabolic liabilities tend to increase
Above 5  Low solubility and poor oral bioavailability

Erratic absorption
High metabolic liability, although potency may still be high

as the ratio of the concentrations of both the ionized and unionized
species of the compound in the organic and aqueous phases at a
determined pH value (Scherrer and Howard, 1977). Both of these
coefficients, P and D, are usually expressed through their loga-
rithms as the most common way to represent lipophilicity. Then,
for the general distribution coefficient
1 - Coctanol
og D = log -2ctandl (1)
Cwarer
where Coctanol and Cyater represent, respectively, the total drug con-
centration in the phase indicated in the subscript. The logD7.4 of a
compound stands for its distribution coefficient at pH 7.4, and it
is considered as a property of utmost importance because of its high
physiological relevance and its resemblance to real biological parti-
tions. Besides, it is accepted by most scientists as one of the most
relevant lipophilicity descriptors to be applied in absorption, distri-
bution, metabolism, excretion and toxicity (ADMET) studies
(Avdeef, 2003; Comer, 2003; Kerns and Di, 2008). The guidelines
about logD7 4 values and their implication for drug development
are illustrated in Table 1 (Comer, 2003; Taylor and Triggle, 2007).

There are many different approaches which can be used to
determine a partition coefficient experimentally (Avdeef, 1993;
Donovan and Pescatore, 2002; Gulyaeva et al., 2008; Hitzel et al.,
n.d.; Kaliszan et al., 2002; Pallicer et al., 2012, 2010; Rafols et al.,
2012; Stopher and Mcclean, 1990; Takacs-Novdk and Avdeef,
1996; Valko et al., 2001; Wiczling et al., 2008), but the most direct
one is the shake-flask method. In this method, an aqueous solution
of a compound is mixed in a flask with an organic solvent (usually
water saturated n-octanol). Then, the flask is shaken to equilibrate
the sample between the two phases, and the phases are then sep-
arated. Afterwards, the concentration of analyte is measured in
both phases. Because of its simplicity and clear relationship to
the partitioning phenomenon, the shake-flask is the reference
method against other ones when they have to be validated
(Comer, 2003).

The well-known shake-flask procedure requires the appropriate
selection of the volumes of solvents to employ and the accurate
analysis of the solute in both phases. It is also necessary to pay
attention to a number of other details if high accuracy is desired,
details such as purity of solvents and solutes, solubility of com-
pounds, quickness of the analytical method, formation of
micro-emulsions that prevent phases from separating. These and
other drawbacks regarding the shake-flask method have been pre-
viously discussed in the literature (Comer, 2003; Dearden and
Bresnen, 1988; Leo et al., 1971; Purcell et al., 1973; Sangster,
1997; Valké, 2000).

UV spectroscopy and HPLC techniques are most widely used to
measure the concentration of the compound in each phase. HPLC
offers some advantages such as it requires a smaller amount of
compound for the measurement and impurities do not interfere
because they are separated from the main component (EPA,
1996; Valké, 2000). In any case, in order to reduce analysis time,
and when no absorption of solute to vessel glass occurs, only one
phase should be analyzed and the concentration in the other phase
is obtained by difference (Leo et al., 1971). From this point of view,
a throughput alternative to classic shake-flask determination has
been developed (Valko, 2000). The method is based on the use of
sample chromatographic vials as containers performing both the
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equilibration between phases and the analysis of the sample. A
standard solution is used both for the initial compound concentra-
tion determination and for preparation of the partition solutions.
To enhance the range of the lipophilicity that can be achieved,
three different octanol/aqueous ratios (0.02; 0.2 and 2) were pro-
posed. After equilibration, the aqueous phase is injected directly
from the crimped vial to the HPLC system without a separation
step. From the analysis of the first vial, the sample peak is identi-
fied and peak areas are calculated for all sample vials. The logD
value is directly calculated by Eq. (2), which derives from Eq. (1)

logD:log((%i‘— )%) (2)

where Ay and A,, are, respectively, the peak areas of the standard
and the aqueous phase of the partition and V,, and V,, the volumes
of water and octanol of the partition. The method proposed was
applied to logD determinations covering a range from —1.5 to 3.5.
A limitation of this method is the requirement of a reasonable aque-
ous solubility of the compound.

Based on the method above, the purpose of this work is to
establish systematic experimental procedures able to perform
accurate determinations of a wide variety of compounds covering
a logD range between —2 and 4.5. Moreover, this study tries to
get closer to the needs of the pharmaceutical industries and pro-
vide them with simple procedures allowing fast routine lipophilic-
ity determination using a very low drug amount and, eventually,
using a DMSO solution of the drug instead of its solid form. This
is because DMSO solutions of drugs are the usual way to keep
the bioactive substances in compound libraries of most pharma-
ceutical companies.

2. Fundamentals of the procedures

Determination of logD values by the traditional shake-flask
method requires the measurement of the compound concentration
in octanol and water phases according to Eq. (1), after equilibration
of both phases. Thus, Eq. (1) can be written as:

m, Vy . A,
log D = log (r—n—w . V;) = log (7&;) (3)

where m stands for the mass of compound, V the volume of the
phase and the subscripts w and o refer to water and organic phase,
respectively.

The most precise measurements are obtained when amounts of
drug in both phases are similar. It is evident that this fact depends
not only on the particular logD of the compound, but also on the
particular V,,/V, ratio used in the shake-flask procedure, because

m, e Vw
logm—w =log D — log v, (4)

Fig. 1 presents the fraction of compound that remains in water
phase after octanol equilibration according to its logD value and
the particular phase ratio used. For logD values close to 0, the best
results should be obtained when similar volumes of both phases
are equilibrated. However, logD < 0 would require logV,,/V, < 0
for precise results, but logD > 0 would require logV,/V, > 0.
Thus, very hydrophilic or very hydrophobic compounds may
require very low or very high V,,/V, ratios which can be difficult
and even impossible to handle. The main objective of this work
is to set up appropriate volumes and volume ratio for measuring
the logD of drug of different lipophilicity, according to the
expected lipophilicity, as well as to develop alternative methods
for a more practical measurement of logD, especially for drugs
with extreme logD values. The tested volumes and ratios, experi-
mentally feasible, are proposed in Table 2.

The procedure described above requires the HPLC measurement
of compound concentration in octanol and water phases. However,
HPLC measurement in octanolic phases is very cumbersome.
Octanol is a high viscosity solvent (Landolt-Bornstein 1V/18B,
n.d.) and the injection into a common HPLC column may require
a hard and long time consuming cleaning of the column after
use. Moreover, its high viscosity determines a low volatility
(Sangster, 1997) which makes it an inappropriate solvent for mass
spectrometry detection (MS) which is a very common detection
technique in physico-chemical parameter determinations and in
analytical drug development laboratories.

2.1. Regular lipophilic compounds (Procedure 1)

For the above reasons, Valko (2000) proposed the use of the
alternative procedure described in Section 1 involving the mea-
surement of an aqueous standard solution which is later equili-
brated with octanol. The logD value can be calculated from HPLC
peak areas of the standard and aqueous phase solutions according
to Eq. (1), which can be easily generalized to Eq. (5) if different vol-
umes of the two measured solutions are injected

- Ast Vinj(w) Vw
log D = log ((/T\; . —vmﬂm r-1 v, (5)

where Zinjw) and vjs) are the injection volumes of the aqueous
phase of the partition and the standard solution, respectively, and
r the adequate dilution factor of the standard solution. Although
the application range of Eq. (5) is the same as that of Eq. (3), the pro-
cedure avoids measuring octanol phases. The most precise results
should be obtained for phase ratios close to the D values since when
logV\y/V, =logD, then m, = m,, = mg, for Eq. (4).

Of course, the right V,,/V, ratio cannot be calculated because the
log D value is not known. However, approximate lipophilicity of the
test compound can be usually predicted and an approximate V,,/V,
value derived. Three shake-flask determinations are proposed: the
first partition is done using the V,,/V, ratio calculated from the
expected logD value, and the second and third ones with a volume
ratio much lower and much higher, respectively. Commonly, at
least one of these determinations is precise enough. In principle,
the problem of the procedure may come from drugs of very low
or very high logD values which would require very low or very
high V,,/V, ratios.

2.2. Poorly lipophilic compounds (Procedure 2)

For very low logD values, the lowest feasible V,,/V, ratios may
not be enough to produce an appreciable partition into the octano-
lic phase and thus A/ %inj(w) ~ Ase'T/ Vinj(sty and log D cannot be accu-
rately determined from Eq. (5). In this case, the unique reliable
alternative is measuring the octanolic phase, provided that the
detector is sensible enough to measure A,, and thus calculate
log D according to Eq. (6) which would replace Eq. (5)

log D = log TR ,,w]m’ i (6)
Po Vs Vw

2.3. Highly lipophilic compounds (Procedures 1b and 3)

For compounds with very high logD values, Eq. (5) can be used
if the detector is sensitive enough to determine A,, (which will be
very small) for the prepared V,,/V, ratios. However, in this instance,
the problem of highly lipophilic compounds usually arises from
their low aqueous solubility. In this case there are several possibil-
ities. In some instances, solubility of the standard solution can be
increased by adding a cosolvent such as DMSO, currently used to
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Fig. 1. Solute fraction remaining in the aqueous phase for different log D values after equilibration according to aqueous/organic phases volume ratio. a-h Partitions defined

in Table 2.

Table 2
Volume ratios and volumes of aqueous (V,,) and octanolic (V,) phases used for
proposed partitions.

Partition V, (mL) V, (mL) Vi[Vo log V|V,
a 0.05 5 0.01 -2

b 0.2 5 0.04 -1.4

€ 0.5 5 0.1 -1

d 0.5 0.5 1 0

e 1 0.1 10 1

f 1 0.01 100 2

g 3 0.01 300 2.5

h 5 0.01 500 2:7

enhance solubility in the drug discovery process (Procedure 1b). Eq.
(5) can be used in this case. If the enhancement of the solubility by
DMSO is not enough, an alternative procedure is to solve the sam-
ple in octanol, instead of water (Procedure 3). To increase the
amount of the drug in the aqueous phase, this stock solution is
directly equilibrated with the aqueous phase without any dilution.
Later, the equilibrated aqueous phase and the stock solution,
diluted by an r factor, are measured and logD can be calculated
according Eq. (7)

A Vinj V
lO D=10 ( st(o) | Il'IJ(W)r__W) 7
g g Aw  Vinjst) Vo @)
These developed procedures (summarized in Fig. 2) shall be
tested in this work.

3. Experimental
3.1. Instrumentation

For HPLC measurements, a Shimadzu HPLC system has been
employed; the system consisted of two LC-10ADVP pumps, a
SIL-20ACHT auto-injector, a SPD-M10AVP diode array detector
(DAD), a CTO-10ASVP oven and a SCL-10AVP controller. The col-
umns used have been a XTerra RP-18 (4.6 x 50 mm) column from
Waters (Milford, MA, USA) and a Luna C18 column (4.6 x 50 mm)
from Phenomenex (Torrance, CA, USA).

For UPLC measurements, a Waters Acquity UPLC system with a
Waters Acquity diode array detector has been used. The selected
column has been a Waters Acquity UPLC BEH C18 1.7 um
(2.1 x 50 mm).

The pH values of water mobile phases have been measured with
a Crison 5014 combined electrode, connected to a GLP 22 poten-
tiometer from Crison (Alella, Spain), with an accuracy of +0.002
in pH units. The performed partitions have been shaken with a
rotation shaker movil-ROD from Selecta (Abrera, Spain) in chro-
matographic vials (1.5 mL) or, when the partition volume exceeded
the vial capacity, in closed test tubes.

3.2. Chemicals

Acetonitrile was 99.9% for HPLC, gradient grade, and has been
obtained from Prolabo (West Chester, PA, USA). Double deionized
water has been obtained with a Milli-Q system from Millipore
(Bedford, MA, USA), with a resistivity of 18.2 MQ cm. Dimethyl sul-
foxide from Sigma (St. Louis, MO, USA) and n-octanol from Merck
(Darmstadt, Germany) have been also used in this work. A set of
28 compounds from Sigma, covering log D 4 values from —2.0 to
4.5, has been chosen in order to carry out this study.

3.3. Procedures

A phosphate pH 7.4 aqueous buffer solution has been prepared
and then saturated with n-octanol. Likewise, an n-octanol solution
saturated with pH 7.4 aqueous buffer has been also prepared. The
solubility of octanol in water at room temperature is very low but
the one of water in octanol is fairly high (Sangster, 1997), so the
saturation of both phases before preparing the partitions is manda-
tory. Both solutions have been heavily shaken and then left resting
for at least 24 h to ensure complete separation of the two phases.
Once the phases have been prepared, the developed procedures,
which are summarized in Fig. 2, have been tested according to
the estimated logD value and solubility of the compound. logD
estimation can be performed by any of the available software pack-
ages, ACDlabs (ACD/Labs, 2012) in this work. Except for Procedure
3, all drugs have been prepared as 10 mM solutions in DMSO,
which is taken as stock drug solution.
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Procedure 1

Stock drug solution
(10 mM in DMSO)

Procedure 1b

Stock drug solution
(10 mM in DMSO)

1:100 dilution in pH
1:100 dilution in pH 7.4 1:100 dilution in pH 7.4 phosphate buffer
phosphate buffer 7.4 phosphate buffer
Standard solution ‘ dirdilution + Lir dilution + octanol
(Aqueous drug solution pH 7.4) V,ojy injection st in DMSO
stirlh
+ octanol
stirlh

V, of octanol phase

(1:1 water/DMSO solution)

Standard solution V, of octanol phase

V,, of water phase

Vinjiw) injection
V,, of water phase A,

Procedure 2

Stock drug solution
(10 mM in DMSO)

1:40 dilution in pH 7.4

phosphate buffer
Standard solution Lir dilution
(Aqueous drug solution pH 7.4) Vinj(sy injection "
+ octanol
stirlh
Vinj(o) injection
V, of octanol phase A,

V,, of water phase

lvinjm, injection

A

Vinjiw) injection
st \

Procedure 3

Stock drug solution
(10 mM in octanol)

1:r dilution
in octanol

+ water
stirlh

Standard solution V, of octanol phase

(Octanolic solution)

V,, of water phase

lvimm) injection Vinjw) injection

A A

st W

Fig. 2. Flow diagrams of the experimental procedures used in this work.

Procedure 1: The drug solution is diluted in the aqueous pH 7.4
phosphate buffer in a 1:100 volume ratio. This solution is taken as
standard solution. From it, different partitions are made with dif-
ferent octanol/water ratios according to approximate logD; 4 value
of the drug. Partitions are shaken for one hour at room tempera-
ture. Both the standard solution (conveniently diluted, r, if neces-
sary) and the aqueous phase of each partition after equilibration
are chromatographed for analysis.

Procedure 1b: This procedure is proposed for hydrophobic com-
pounds which form a precipitate when the stock solution is diluted
with aqueous phosphate buffer. In that case, the standard solution
is prepared by dilution with DMSO (r, usually a dilution with r=2
is enough) and chromatographed for analysis. Working partitions
are performed in the same way as Procedure 1.

Procedure 2: For hydrophilic compounds, a standard solution is
prepared by diluting the drug solution in the pH 7.4 phosphate buf-
fer in a 1:40 volume ratio. From the standard solution, the different
partitions are made with different octanol/water ratios according
to approximate logD;4 value of the drug. Partitions are shaken
for one hour at room temperature. After equilibration, both the
standard solution (diluted if necessary) and the octanolic phase
of each partition are injected for chromatographic analysis.

Procedure 3: For hydrophobic compounds, the drug is dissolved
in n-octanol saturated with aqueous buffer, and then different
octanol/water partitions are performed according to the

approximate logD; 4 value of the drug. The standard solution is
prepared by diluting the octanolic solution with water saturated
n-octanol (according to the sensitivity of the chromatographic
detector). Partitions are shaken for one hour at room temperature.
Both the octanolic standard and the aqueous phase, after equilibra-
tion of each partition, are chromatographed for analysis.

Whenever possible three different partitions from Table 2 have
been chosen for log D74 determination but in all instances at least
two different partitions have been tested. For each partition two or
more replicates have been done. Because agitation time is a param-
eter subject to optimization, the logD; 4 values of some selected
compounds have been determined after shaking the partition vials
during 1, 2 and 24 h. No significant differences have been found
between the logD; 4 values obtained at different agitation times.
Therefore, shaking the partitions for one hour has been considered
enough agitation time to obtain accurate results in the shortest
time possible.

4. Results and discussion
4.1. Test of proposed procedures and water/octanol volume ratios
14 compounds with logD, 4 values covering a range between

—2 and 4.5 units have been selected to test the four procedures
described in Section 3.3 (Fig. 2) and the proposed volume ratios
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Study of procedures and volume ratios with tested compounds.
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Compound Predicted ACDLabs® logD; 4 Procedure Partition VilVo log V[V, Measured logD; 4
Atenolol -1.99 2 a 0.01 -2 -3.01+£0.78
2 b 0.04 -1.4 -1.76 £0.11
2 c 0.1 -1 -1.93+0.29
1 c 0.1 -1 -1.64 +0.07
1 d 1 0 —0.58 £0.43
Salicylic acid -1.09 2 a 0.01 -2 ~2.31+0.05
2 b 0.04 -1.4 —1.77 £0.04
2 c 0.1 -1 -1.98+0.12
1 c 0.1 -1 -1.78 +0.10
1 d 1 0 -1.35+0.31
1 e 10 1 —0.41£0.08
Metoprolol -0.31 2 b 0.04 -14 —0.74£0.03
1 c 0.1 -1 -0.20+0.10
1 d 1 0 —-0.35+0.05
1 e 10 1 -0.33
1 f 100 2 -
Caffeine -0.13 2 b 0.04 -1.4 —0.40 £0.04
1 c 0.1 -1 -0.08 +0.01
1 d 1 0 0.00+0.15
1 e 10 1 -0.13
1 f 100 2 -t
Paracetamol 0.34 2 b 0.04 -14 1.07 £0.01
1 c 0.1 -1 0.25+0.01
1 d 1 0 0.42 +0.03
1 e 10 1 0.53 +0.20
1 f 100 2 1.55+0.17
Warfarin 0.62 1 c 0.1 -1 0.74+0.21
1 d 1 0 0.83+0.21
1 e 10 1 0.86 +0.18
1 f 100 2 1.04 +0.09
Acetanilide 1.08 1 c 0.1 -1 1.15+0.01
1 d 1 0 1.21 +£0.01
1 e 10 1 1.20+0.01
1 f 100 2 1.17 £0.09
Acetophenone 1.66 1 d 1 0 1.58 £0.13
1 e 10 1 1.58 £0.30
1 f 100 2 1.54+0.11
1 g 300 2.5 1.61+0.29
1 h 500 2.7 1.52+0.21
Haloperidol 2.18 1 d 1 0 1.66 £ 0.05
1 e 10 1 2.04+0.26
1 i 8 100 2 2.53 £0.06
1 g 300 25 294+0.12
1 h 500 27 3.08 +0.09
Butyrophenone 273 1 d 1 0 2.37 £0.06
1 e 10 1 2.46 +£0.02
1 f 100 2 2.73+£0.31
1 g 300 25 2.68 +0.16
1 h 500 27 2.83+0.16
Valerophenone 3.26 1 d 1 0 2.16+0.14
1 e 10 1 2.86 +£0.02
1 i 100 2 3.30+0.15
1 g 300 25 3.38+0.17
1 h 500 2.7 3.47+£3.28
Ketoconazole 343 1 I 100 2 2.02+0.53
1 g 300 2.5 3.50+0.16
1 h 500 2.7 3.32+0.21
Phenothiazine 415 1 g 300 2.5 3.86+0.43
1b g 300 2.5 3.85£0.13
3 g 300 2.5 421+0.18
1 h 500 2.7 3.84+£0.15
1b h 500 2.7 4.05+0.01
3 h 500 2.7 4.01+0.24
Anthracene 4.68 1 g 300 25 3.47 £0.68
1b g 300 2.5 3.99 £ 0.06
3 g 300 25 452 +0.21
1 h 500 2.7 3.83+£0.50
1b h 500 2.7 424+0.15
3 h 500 2.7 4.60+0.11

Shaded values are those that do not fall within 0.3 logarithmic units range.

2 From reference (ACD/Labs, 2012).

b Cannot be determined.
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(Table 2). Procedures and volume ratios tested for each substance
have been chosen according to its predicted hydrophobicity and
they are shown in Table 3 as well as the obtained logD; 4 values.
These predicted values have been obtained through the ACDLabs
software (ACD/Labs, 2012) and are only used to give a previous
estimation of the lipophilicity which, therefore, allow choosing
the proper partitions. The accepted dispersion of results to assure
a precision good enough when different experimental conditions
are involved in the measurement is 0.3 logarithmic units (EPA,
1996). Then, and if all the partitions and procedures chosen work
well, all the logD;4 values obtained for each tested compound
should not present a difference greater than 0.3 logarithmic units.
Shaded with grey color are those that do not fall within the 0.3 log-
arithmic units range indicating that these partitions and/or proce-
dures are not suitable for the tested compounds.

It is considered that compounds with intermediate hydropho-
bicity are those with logD values between 0 and 2.5. Fig. 1 shows
that these compounds need volume ratios between
log(Viw/V,) — 1.0 (partition ¢) and 2.7 (partition h) to have between
10% and 90% of the solute in aqueous and organic phases after
equilibration. Then, partitions from ¢ to h have been tested with
compounds which predicted logD; 4 ranges between —0.13 (caf-
feine) and 2.73 (butyrophenone).

The results obtained (Table 3) are in concordance with Fig. 1 and
show that when log D7 4 value increases, partitions with low volume
ratio do not provide results good enough and partitions with higher
volume ratio must be used. Although Fig. 1 shows that the lowest
volume ratio recommended to obtain robust logD values is the
one that implied a 10% of solute mass in aqueous (or octanolic)
phase after equilibration, in fact this limit depends on the detector
used for quantification. When a spectrophotometric detector is
used, the lowest limit of any partition depends not only on its sen-
sitivity but also on the absorptivity of the drug. Then, acetanilide,
which has a high absorptivity, can be well detected using partition
c although only about 1% of substance remains in aqueous phase
after the equilibration step. However, haloperidol, which presents
low absorptivity, cannot be well detected when about 10% of the
substance remains in aqueous solution after equilibration, that is,
when f partition is involved in the experimental procedure.

Although partition e with Procedure 1 has been used to deter-
mine logD; 4 for caffeine and metoprolol, it is in the lowest logD
limit of applicability. On the other end, partition b with
Procedure 2 has also been tested despite it involves a very low
aqueous volume, V,,, difficult to inject properly in the chromato-
graphic system. Thus, Procedure 2, where the octanolic phase is
injected, has been applied and Eq. (6) used to calculate logD7 4 val-
ues. As shown in Table 3, partition b with Procedure 2 does not
work well with caffeine or metoprolol because less than 5-8%
remain in aqueous phase after equilibration (see Fig. 1), this is a
95-92% of the drug partition to octanol phase and because
AseT|Vinj(st) ~ Aol Uinjoy l0gD cannot be accurately determined.
Nevertheless the Procedure 2 and partition b in tandem is suitable
for log D determinations lower than —1, such as for atenolol or sal-
icylic acid. Although logD7 4 value obtained with this partition is
lower than the one predicted for salicylic acid, it is consistent to
the one obtained from Procedure 1 and partition ¢, which are also
suitable for this type of compounds, and very close to the one
reported in the literature, —1.65 (Biobyte Corp.1995-2006, n.d.).
In order to obtain robust logD; 4 values for the most hydrophilic
compounds partition ¢ with Procedure 2 has been also performed
and no significant differences have been observed with the
log D, 4 obtained with the same partition applying Procedure 1.

Because of the low solubility of the most hydrophobic com-
pounds (logD > 3.5), Procedure 1b and Procedure 3 have been also
tested using partitions g and h. Table 3 shows the logD; 4 values
for phenothiazine and anthracene. For both substances the

logD74 values obtained from Procedure 1 are lower than the
expected ones whereas those from Procedure 3 agree with the liter-
ature (Biobyte Corp.1995-2006, n.d.). It should be noticed the con-
sistency among values obtained using Procedure 1b (partition h)
and Procedure 3 (partitions g or h) despite the first one involves a
significant amount of DMSO in the standard solutions (see
Table 3). Thus, the effect of DMSO on measured logD; 4 seems to
be negligible. This assumption is confirmed by results shown in
Table 5 for hexanophenone and heptanophenone, compounds not
included in Table 3.

According to the results given in Table 3, different procedures
and volume ratios are proposed for compounds covering a wide
range of lipophilicity, as summarized in Table 4.

4.2. Precision and accuracy for the developed procedures

The recommendations proposed in Table 4 have been applied to
determine the logD; 4 value of 28 drugs, including the 14 already
analysed, within the logD; 4 range between —1.9 and 4.5. Table 5
shows the results obtained when two different systems (HPLC
and UPLC both with DAD detector) are used to quantify the solute
present in aqueous (or octanolic) phase after equilibration. The
obtained results have been compared with the log D, 4 values rec-
ommended in BioLoom database or when there is no recom-
mended value with the average of the BioLoom values collected
at pH 7.4 (Biobyte Corp.1995-2006, n.d.).

At least two different aqueous/octanol volume ratios have been
used in all cases and for each ratio three or more determinations
have been done. The mean values and their standard deviation
shown in Table 5 correspond to the ones computed using all the
obtained individual values. When a HPLC-DAD system has been
used, the standard deviation for all the compounds is lower than
0.3 log units, in accordance with the EPA guidelines for reliable val-
ues (EPA, 1996). Eq. (8) shows the correlation between determined
log D7 4 values and the experimental values recommended by the
BioLoom database (Biobyte Corp.1995-2006, n.d.).

log Dy 4(HPLC) = 0.99(+0.01) log D, 4 (BioLoom) — 0.01(+0.03)
n=25 r2=099 SD=0.13 F=4716
(8)

The slope of this correlation is not significantly different from 1
and the intercept from 0 for a 95% confidence level. Thus, it can be

Table 4
Partitions and shake-flask procedures proposed for log D determination.

logD range Partitions Procedure Equation Observations

logD < -1 b, ¢ 2 (6) Partition d only for
logD values higher
than —-1.5

cd 1 (5)

~1<logD<0 cd 1 (5)

O<logD<1.5 cde 1 (5) Partitions d and e
might be used for
higher log D values if a
more sensible
detector is used.

1.5<logD<30 fgh 1 (5) For high logD values
the suitability of
partition f depends on
the sensitivity of the
detector.

3.0<logD<35 gh 1 (5)

logD >3.5 gh 3 (7) Procedure 1 could be
used if no solubility
problems are detected

h 1b (5)
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Table 5
log D5 4 for a set of 28 compounds.
HPLC-DAD UPLC-DAD
Compound log D7 4 BioLoom database® Procedure Partition logD7.4 Average logD7.4 Average
Atenolol -1.94 2 b -1.76 £ 0.11 -1.81+0.23
2 c -1.93+0.29
1 c -1.64+0.07
Salicylic acid -1.65+0.59 2 b -1.77£0.04 -1.85+0.14 - -1.43+0.11
2 c -1.98+0.12 -
1 c -1.78+0.10 -143+0.11
Benzoic acid -143 2 b -1.37+0.19 -1.27 £0.15 -137+0.01 -1.27+0.19
1 b - -1.34+£0.03
1 c -1.22+0.07 -132+0.18
1 d -1.26+0.20 -1.01 £0.07
Metoprolol -0.15+0.24 1 c -0.20+£0.10 -0.28 £0.10 —0.38 £0.02 —0.33 £0.06
1 d -0.35+0.05 -0.29 £0.05
Caffeine -0.07 1 c —0.08 +0.01 —-0.04+0.12 —-0.04£0.01 —0.03 £0.01
1 d 0.00 +0.15 -0.03+0.01
1 e - —0.01 £ 0.02
Theophylline -0.02 1 c -0.12+£0.04 —-0.03 £0.09 —-0.02£0.01 —0.01 £0.03
1 d 0.03 +0.06 0.02 +0.02
1 e - -0.03+0.03
Procaine 0.23 1 c 0.26+0.15 0.28 +0.17 0.27 +0.06 0.29 £0.05
1 d 0.30+0.21 0.31 £0.04
1 e - 0.28 +0.01
Paracetamol 0.51 1 c 0.25+0.01 0.39+0.13 0.33 £0.01 0.33+0.02
1 d 0.42+0.03 0.34+£0.01
e 0.53+0.20 0.32 £0.02
Warfarin 0.88+0.28 1 c 0.74+0.21 0.83+0.19 0.96 +0.03 0.91 +0.05
1 d 0.83+0.21 0.90 + 0.04
1 e 0.86+0.18 0.88 +0.02
Colchicine 1.30 1 c 0.91+0.01 1.09 £ 0.05 1.14 £ 0.04 1.15+0.03
1 d 1.16+0.15 1.14 £ 0.02
1 e 1.04 £ 0.01 1.16 £ 0.01
Acetanilide 1.16 1 c 1.15+0.01 1.19+0.05 1.18 £ 0.06 1.19£0.04
1 d 1.21+0.01 1.18 £0.01
1 e 1.20+0.01 1.21 £0.02
1 f 1.17 £ 0.09 -
Propranolol 1.24+0.15 1 c 1.30+0.04 1.23+0.05 1.22 £0.02 1.22 +0.06
1 d 1.24+0.02 1.22 +0.08
1 e 1.19+0.01 1.23 £0.08
Lidocaine 1.53+0.26 1 d 1.47+0.33 1.61+0.26 1.80 £0.07 1.70+£0.19
1 e 1.57+0.13 1.78 £0.12
1 f 1.92+0.01 1.71£0.11
1 g - 1.58 £0.31
1 h - 1.73 £0.09
Acetophenone 1.58 1 d 1.58+0.13 1.57+0.16 - 1.55+0.16
1 e 1.58£0.30 -
1 I 1.54+0.11 1.52+0.10
1 g 1.67 £0.29 1.55 +0.09
1 h 1.52+0.21 1.60 £0.12
Hydrocortisone 1.61 1 d 1.54+0.10 1.58+0.12
1 e 1.54+0.13
1 F 1.67 + 0.06
Propiophenone 2.19 1 d 2.14+0.16 2.24+0.16 - 1.98+0.19
1 e 237+017 -
1 f 2.17+0.12 2.00+0.16
1 g 225+0.13 1.88 +0.26
1 h 2.34+0.09 2.03+0.14
Butyrophenone 2.66 1 d 2.37£0.06 2.65+0.23 - 2.66 +0.10
1 [ 246 +0.02 -
1 I 2.73+031 2.64 +0.07
1 g 2.68+0.16 2.59 +0.09
1 h 2.83+0.16 2.73+0.10
Haloperidol 2.92+0.34 1 f 2.53+0.06 2.77+0.26 2.78 +0.08 2.78 +0.09
1 g 294+0.12 2.79+0.10
1 h 3.08 £0.09 2.79 £0.09
Valerophenone - 1 I 3.30+0.15 3.40+0.14 - 3.22+0.12
1 g 3.38+0.17 3.13 £0.08
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Table 5 (continued)
HPLC-DAD UPLC-DAD
Compound logD; 4 BioLoom database’ Procedure Partition logD7 4 Average logD7 4 Average
1 h 3.47 £0.07 3.31+0.04
Naphthalene 3.3 1 g 3.05 +0.08 3.19+0.14 2.89+0.01 3.21+£0.25
h 3.28£0.02 3.37+0.10
Thymol 33 1 g 3.43+0.27 3.34+023 3.34+0.06 3.32+0.05
1 h 3.29+0.19 3.31+0.04
Ketoconazole 3.83 1 g 3.50+0.16 3.42+0.20 339+0.18 3.36+0.15
1 h 3.32+0.21 3.28 +0.01
Reserpine 3.72 3 f 3.67+£0.08 3.89+0.21 - 4.27+0.18
3 g 4.02+0.11 444 £0.05
3 h 3.98+0.21 4.11+0.03
Hexanophenone - 3 g 3.72+0.26 3.69+0.23 3.86 £0.02 4.05+0.32
3 h 3.67+0.21 4.54+0.03
1b g 3.71 £0.01
1b h 4.07 £ 0.02
Phenothiazine 4.15 3 g 4.21+0.18 4.11+0.22 3.87 £0.02 4.02+0.04
3 h 4.01+0.24 4,02 +0.02
1b h 4.05+0.01
Heptanophenone - 3 g 4.42+0.21 4.41 +£0.27 433 +0.02 4.52+0.16
3 h 4.41+038 4,65 +0.04
1b h 459+0.13
Anthracene 4.45 3 g 4.52+0.21 4.49+0.23 4.65+0.02 4.37+0.23
3 h 4.47+0.24 -
1b h 4.24+0.15
Phenanthrene 4.47 3 g 4.62+0.11 4.58 +0.09
3 h 4.55+0.07

? From reference (Biobyte Corp.1995-2006, n.d.). Values without standard deviation correspond to the recommended ones, whereas the ones with standard deviation

correspond an average of the collected values.

y = 0.9943x - 0.0147
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Fig. 3. Comparison of the logD; 4 values obtained for the set compounds studied. (A) values obtained with the HPLC system vs. values recommended in the BioLoom reference
data and (B) log D, 4 values obtained with the UPLC system vs. the ones obtained with the HPLC system.

assumed that the methodology applied in this work using HPLC-
DAD system to quantify the solute provide logD; 4 values equiva-
lent to those recommended in the literature with a precision of
about 0.15 logarithmic units, given as the standard deviation of
the correlation. The correlation is plotted in Fig. 3A.

Fig. 3B and Eq. (9) illustrate equivalence between the logD; 4
values obtained with UPLC and HPLC systems.

log D7 4(UPLC) = 0.99(:0.02) log D74 (HPLC) + 0.04(--0.04)
n=25 r2=099 SD =0.15 F = 3200

Again, the slope and the intercept obtained in this correlation
are not different from 1 and O respectively for a 95% confidence
level and thus, no differences in the logD; 4 values are observed
when a UPLC system is used instead of HPLC system for quantify-
ing the solute remaining in aqueous (octanolic) phase, as expected.
The precision is again of 0.15 logarithmic units. However, the injec-
tion of octanol in UPLC causes more overpressures than in HPLC
and may produce some troubles in the chromatographic system.
Thus, Procedure 2 and Procedure 3, where the octanolic phase is
injected, are much less suitable when UPLC system is used. In order
to minimize the injection of octanolic phase in this system,
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Fig. 4. Comparison between experimental logD;, values with those from an
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partition b with Procedure 1 has been tested for benzoic acid and,
although the partition volume of aqueous phase is small, no differ-
ence in logD; 4 value has been obtained with respect to the one
from Procedure 2 with HPLC system showing that Procedure 1 can
be extended up to a logD value of about —1.5. Moreover,
Procedures 3 (for HPLC) and 1b (for UPLC and HPLC) with the pro-
posed partitions work well for very hydrophobic compounds
(logD > 3.5). Therefore, Procedure 1b is a good alternative to
Procedure 3 and avoids the injection of octanol in the chromato-
graphic system.

Finally, the robustness of Procedures 1 and 1b has been checked
selecting a new set of six pharmaceutical compounds in a logD; 4
range between 0.5 and 3.8 and their logD;4 values have been
determined by three different analysts. The mean values obtained
by these analysts have been compared with the ones obtained by
an external company that provides research services to pharma-
ceutical laboratories (CEREP). Fig. 4 and Eq. (10) show the correla-
tion obtained between the two set of logD 4 values:

log D; 4(analyst mean) = 0.98(+0.04)log D 4 (external company)
—-0.002(+0.09) n=6 r>=0.99 SD=0.09 F=591
(10)

Because the slope and intercept obtained in this correlation are not
significantly different from 1 and O respectively (for a 95% confi-
dence level), it can be concluded that the proposed procedures for
routine “in lab” logD determination can substitute the external
determination procedures common in many pharmaceutical
industries.

5. Conclusions

The procedures developed in this paper allow fast routine
determination of drug lipophilicity in pharmaceutical laboratory
using a small amount of drug. Moreover, they minimize the HPLC
and UPLC measurement in octanolic phases which may be very
hazardous and cleaning time consuming.

Procedure 1 that avoids injection of octanol can be used for log D
determination in the range from —1.5 to 3.5 using the appropriate
partition volumes and ratios (Table 4). This range can be extended
up to 4.5 by the use of DMSO as cosolvent if there are solubility
problems (Procedure 1b).

An accurate determination of logD of poorly lipophilic drugs
(logDh < —1) may require the injection of the octanolic phase
(Procedure 2). Injection of octanolic phase may be also an alterna-
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3.1. CARACTERITZACIO SISTEMATICA DE
COLUMNES CROMATOGRAFIQUES

Des que es va proposar a mitjans del segle XX [4], I'equacié de van Deemter ha estat
la referencia a I’'hora d’avaluar el rendiment i I'eficacia d’una columna cromatografica.
Tal i com s’ha exposat a la introduccié (seccié 1.2.1), aquesta equacié permet explicar
les causes que donen lloc a I'eixamplament del pic cromatografic a través de diverses
contribucions additives. Aixi doncs, 'amplada d’un pic vindra determinada per la suma
d’un terme A que explica la multiplicitat de camins que pot seguir I'analit dins la
columna, d’un terme B que fa referéncia a la difusié de I’analit durant la seva elucid, i
d’un terme C que té en compte la resistencia a la transferéncia de massa i que, per la
seva banda, es pot dividir en Cs i C;, en funcid de si es refereix a la fase estacionaria o a
la fase mobil. Sumant les algades de plat corresponents a cadascun d’aquests termes,

s’obté I'algada de plats total del pic cromatografic (equacié (7)).

L'article 1 és un review critic que estudia aquestes contribucions a I'eixamplament
de banda explicades pels diferents termes de l'equacié de van Deemter i que
aprofundeix en la determinacié de diversos parametres descriptors relacionats amb la
columna cromatografica que resulten de gran utilitat per avaluar-ne el seu rendiment.
En ell, s’estudien diversos parametres d’'importancia com la porositat de la columna, la
gual es proposa mesurar a través del metode de total pore blocking, o la difusié de
I'analit, que es pot determinar a través del métode de peak parking. Addicionalment,
I'article 1 demostra que és possible aillar i fer una estimacié de cadascun dels termes
de l'equacié de van Deemter de manera més o menys acurada. Seguint un ordre
sistematic en la determinacié d’aquestes contribucions és possible caracteritzar fases

estacionaries de columnes cromatografiques d’una manera forca completa.
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3.1.1. Establiment d’un full Excel per a caracteritzar
columnes cromatografiques

En aquest sentit, I'article 1 aporta un full Excel [152] que permet la caracteritzacio
pas a pas de la columna cromatografica utilitzant les equacions descrites préviament.
Aquesta analisi exhaustiva no solament permet saber l'eficacia i rendiment de
columnes sind que també determina quines son les causes que provoquen
I'eixamplament de banda, ja que com més alt sigui el valor de cadascuna de les

contribucions més ample sera el pic i, per tant, menys qualitat tindra.

Com a norma general, en aquest full d’Excel no es treballa amb algades de plat (H)
sind amb alcades de plat reduides (h). Tot i que el nom es presta a confusio, I'alcada de
plat reduida és senzillament una versié adimensional de I'alcada de plat que es pot

obtenir facilment dividint I'algada de plat pel diametre de particula d, [37,153]:
h =H/d, (51)

Aixi mateix, en les columnes G i H del full Excel es generen valors per als parametres
Vo i v; respectivament, que son la velocitat lineal i la velocitat intersticial reduida i que,
com en el cas anterior, sén les versions adimensionals dels dos tipus de velocitat.
Passar d’un a l'altre parametre també resulta senzill en aquest cas; es realitza

mitjangant la seglient relacio [26]:
v = ud,/Dnm (52)

on D,, és la difusido molecular de I'analit estudiat i u és la velocitat de I'analit (portant el
subindex 0 en el cas de la velocitat lineal i el subindex i en el cas de la velocitat
intersticial). El tipus de velocitat (u) a la que es faci referéncia indicara el tipus de

velocitat reduida (v) obtinguda.

El gran avantatge de treballar amb variables reduides és que, en ser adimensionals,
permeten la comparacié de columnes amb diametres de particula diferents. Per altra
banda, també com a norma general, el full d’Excel treballa amb un codi de colors
concret: les caselles grogues sén dades que l'usuari ha d’omplir, les caselles taronges
representen un metode alternatiu d’introduir dades experimentals i que en principi,

excepte en el cas de la longitud de la columna, no cal tocar; per ultim, les caselles
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verdes son dades calculades pel propi full de calcul i no s’han de modificar sota cap
concepte. En aquest sentit, I'usuari haura de comencar a utilitzar el full de calcul
omplint algunes de les dades que es demanen a la columna S. Aquestes dades son el
factor de retencié de I'analit (cel-la S19), la porositat total (cel-la S22), el diametre de
particula (cel-la S23), el parametre p que representa la relacid entre el diametre de
particula i un hipotetic nucli dur present en les particules core-shell (cel-la S24) i la
longitud de la columna (cel-la S26). A més, també caldra donar valor a la porositat
externa (cel-la S21), per la qual es pot donar un valor aproximat de 0.38 (el valor real
no sol estar molt lluny d’aquest valor de referencia) o es pot realitzar un estudi de
porositat mitjancant qualsevol dels métodes anteriorment esmentats, i també al
coeficient de difusié molecular D, (cel-la S25), que es pot trobar tabulat en la literatura
o bé es pot calcular mitjancant I'equacié de Wilke-Chang a través de la pestanya de
I'arxiu Excel habilitada per aquest proposit. La Figura 9 mostra la zona de I'Excel en la

que cal introduir totes aquestes dades:

Required input (all yellow fields) Alternative input for tgand N

APmax* 600 (bar)  (only needed for kinetic plat)

Retention factor k' 5.9 () Phaseretention factor, defined as (tg-ty)it,

D.s 5.24E-10 m’ls Determined using Sheet: 'Peak Parking' or 'Deff based on ulmin'

External Porosity 038 () Determined using Total Pore blocking [1] or ISEC [2]

Total Porosity 05 (1) Determined using column void time ty (57 = W pumal(Fto)

d, S.00E-06 m  Particle size

[\] 0 () Coretoparticle diameter ratio (fully porous = 0, non porous = 1, typical core shell "= 0,6-0,7, Rho max = 0,333)
D- 1.09E-09 m¥s Molecular diffusion coeffcient; literature values, measured or caloulated using Wilke-Chang equation in separate sheet [3,6,7]
. 015 m Columnlength(only necessaryif ty and M are given as dataset)

viscosity* 8.00E-04 kgllms) (only needed for kinetic plat)

Calculated Parameters (DO NOT CHANGE) Specific parameters (calculated, DO NOT CHANGE)
' 163 [} zoneretentionfactor of non-retained specily,¢ 0.480 ) 5]

k" 1716 ()  Zonerentention factor [4] B1 0.230 1t}

D.. 4.90E-10 (mts] Effective diffusion coefficient inside i 2225 I

D,./D. 0,443 () mesoporous material of particles [S] Sh,, 10 4}

Ko 4.62E-14 m2 column permeability D,./D. 0.4434 )

b 541 1) flow resistance

Figura 9. Captura de pantalla de Iarxiu Excel en la que es mostra la zona

d’introduccié de dades [152]

Un cop introduides aquestes dades, el primer que cal fer per dur a terme la
caracteritzacio de columna és construir una corba de van Deemter, per la qual cosa cal
mesurar la retencié d’un mateix analit en mode isocratic a diversos cabals de fase
mobil de la mateixa composicié. De cada mesura cal anotar-ne el temps de retencié
(to) i el nombre de plats teorics (N), les caselles B19-B43 i C19-C43 respectivament
estan habilitades per a tal proposit. Si a més s’afegeix la dada de la longitud de la

columna a la casella S26, es generen les dades d’alcada de plat (H) i de velocitat lineal
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de I'analit (up) a les columnes D i E, dades necessaries per obtenir la corba de van
Deemter. Addicionalment, es generen dades de velocitat i velocitat reduida en les
seglients tres columnes, dades que ens ajudaran a I'hora de calcular la contribucio a
I’eixamplament de banda del terme C. A la columna | del full Excel es genera I'al¢ada

de plat reduida total anteriorment esmentada.

Posteriorment, el primer pas per descomposar aquesta alcada de plat i aixi
caracteritzar la columna segons les contribucions de I'equacié de van Deemter, és el de
calcular la difusié de l'analit, és a dir, el terme B. El full de calcul ofereix dues
possibilitats per determinar aquesta contribucid, ja que el parametre D.s es pot
calcular de dues maneres diferents. La manera que requereix menys feina
experimental esta basada en considerar que, a velocitats extremadament baixes (com
a minim 10 vegades més baixa que la velocitat optima de treball marcada pel minim en
la corba de van Deemter), la totalitat d’alcada de plat ve donada per la difusié de
I'analit i que, per tant, H = Hg. Fent aquesta substitucid, es pot aplicar I'equacid 13 i
trobar el valor de D.g. La pestanya de I'arxiu Excel “Deff via experiments at low F” esta
habilitada per calcular el coeficient de difusi6 molecular per aquesta via. Si
s’'introdueixen per triplicat les dades de velocitat (cel-les A3-A5), les dades d’alcada de
plat corresponents (cel-les B3-B5) i el factor de retencié del compost (cel-la F3), el valor
de Des es genera a la cella B7. Si es desitja un calcul de D.s més acurat, es pot
determinar a partir del metode de peak parking, explicat anteriorment en la seccio
1.2.3.1. El full de calcul també permet utilitzar aquest procediment mitjancant la

pestanya “Deff via peak parking”.

En aquest cas, les dades que 'usuari ha d’introduir sén la longitud de la columna
(cel-la D3), el temps extracolumna per poder fer la correccié de la retencio (cel-la D4),
el temps mort del sistema (cel-les A8-A10) i el temps de retencié de I’analit (cel-les B8-
B10); aquests dos ultims valors cal obtenir-los per triplicat. La manera més practica de
determinar el temps extracolumna és treient la columna del sistema cromatografic i
mesurant la retencid de I'analit en aquestes condicions. Posteriorment cal afegir les
dades propies de I'experiment de peak parking. Es recomana mantenir els temps
d’aparcament indicats a I'Excel (15, 30, 45, 60, 90 i 120 minuts) pero poden ser els

temps de retencié que desitgi I'usuari (cel-les B17-B34). Tot i aix0, sempre cal realitzar
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experiments addicionals de temps d’aparcament curt per corregir I'eixamplament de
banda que pugui produir I'acte d’apagar i posteriorment engegar les bombes; si bé es
recomana mig minut aquest temps també pot ser escollit per 'usuari (cel-les B14-B16).
Un cop decidits els temps i realitzades les mesures, cal introduir els temps de retencid i
el nombre de plats dels diferents pics en I'espai habilitat per fer-ho (cel-les C14-C16 i
D14-D16 per les dades de correccid, cel-les C17-C34 i D17-D34 per les dades

d’aparcament); com en els temps anteriors també caldra fer-ho per triplicat.

Un cop introduides les dades, el full de calcul generara valors per a la resta de
parametres necessaris per a la determinacié de D, aixi com el grafic de la diferéncia
en la variancia espacial (Ac,’) contra el temps d’aparcament (tpark) corresponent a
I'equacid (8). A partir del pendent d’aquest grafic, el valor de D.gs es mostrara a la
casella M12. Sigui quina sigui la manera en la que s’ha determinat Dg, substituint el
valor obtingut a la casella S22 de la pestanya principal es generaran els valors de
I'alcada de plat reduida deguda al terme B de |'equacié de van Deemter (hg) a la
columna J. A la figura 10 es pot observar una captura de pantalla on es mostra la

pestanya habilitada per a calcular Deg mitjangant el metode de peak parking.

Peak Parking

Input:

Column length L 01m

Extra column residence time t,, 4 s measured by replacing column with zero-dead volume union

Isocratic measurement (no stop) to determine k' and ug
to(s) tels)  up(m/s) Kk'(/)
58.86 233.04 0.0004183 3.2844
58.86 238.86 0.0004137 3.0581
58.86 23916 0.0004181 3.0632
Average  0.0004184 3.1352 Slope 1.19E-09
Deff 5.93E-10 m'ls

tpe (min) te(min)  N(/)  toals) tals) G4 (/)

05 4969 21390 30 2981  7.08E-07 S.00506 -
05 4965 22561 30 297.3  6.89E-07 . G2XVs. Atpark
Atpen(s) 05 4963 22353 30 2978 6.94E-07 Ach (/) fo0e0s y = 1.1854E-09x

300 155 19989 142620 930 11333  177E-06 107E-06 S R? = 9.9856E-01
900 155 19.988 141434 930 11993  178E-06 108E-06 i
900 155 19.986 141877 930 1133.2  177E-06 1.08E-0B
1800 305 34.933 268143 1830 20999 2.88E-06 2.18E-06 G00e00
1800 305 34994 268413 1830 20396 2.87E-06 2.18E-06
1800 305 34.93¢ 268022 1830 20336 2.38E-06 2.13E-06 200800,
2700 455 50014 410485 2730  3000.8 3.84E-06 3.14E-06
2700 455 50013 406783 2730  3000.8 3.87E-05 3.18E-06 | 400208
2700 455 50012 411350 2730 3000.7 3.83E-06 3.13E-06
3600 605 £5.019 544023 3630 39011  4.90E-06 4.20E-06 3.005.06
3600 605 65 531347 3630  3900.0 5.00E-06 4.31E-05
3600 605 65.004 525675 3630  3900.2 5.07E-06 4.37E-06 | 200208
5400 905 95016 803022 5430 57010  T7.08E-06 6.39E-06 [
5400 305 95015 804241 5430  5700.9 7.07E-06 6.33E-08 100508
5400 905 95.009 765381 5430 57005 7.43E-06 6.73E-06
7200 1205 125023 1E+06 7230 75014  9.09E-05 8.33E-06 | 0002400 . . . . y |
7200 1205 125.018 1E+06 7230 75011  9.16E-06 8.46E-05 o 1000 2000 3000 000 000 5000 7000 8000
7200 1205 125.021 E+06 7230 75013  9.21E-06 8.57E-06

Figura 10. Captura de pantalla de |la pestanya referent a “Deff via peak parking” de

I’arxiu Excel de caracteritzacié [152]

Paral-lelament, la determinacié de D juntament amb el valor de D, introduit

durant la part inicial del procediment, origina els valors de tots els parametres
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necessaris per dur a terme I'estimacio de la contribucioé a I'eixamplament de banda del
terme C; (caselles AA29-AA33) seguint el procediment matematic descrit anteriorment
(equacions 10-15). D’aquesta manera, quan s’obté el valor de D i s’introdueix a la
casella corresponent, I'arxiu d’Excel també genera els valors de h¢, en aquest cas a la
columna K de la pestanya principal. L'obtencié d’aquestes dades esta condicionada a
que l'usuari hagi introduit els valors de porositat de la columna (tant porositat total
com porositat externa), cosa que no era necessaria per a la determinacié de la difusid i
la seva contribucio a I'eixamplament de banda. Per ultim, si s’introdueix el valor de p
I'efecte de h¢s quedara corregit per a particules del tipus core-shell, en cas que les
particules siguin de tipus totalment pords cal assignar a p un valor de 0 i I'estimacié de

la contribucioé de C; a I'alcada de plat sera correcta.

Tot i que, com ja s’ha dit anteriorment, I'estimacié a la contribucid a I'eixamplament
de banda del terme C,, no és massa fiable ja que es basa en aproximacions que poden
no ser del tot correctes, el full Excel permet fer un calcul aproximat d’aquesta
contribucié. En aquest sentit, el nombre de Sherwood de la fase mobil (Sh,) es
determina mitjancant la seglient aproximacié basada en la velocitat intersticial reduida

(v)) [34]:

13

= +86v°" (53)
1+2.1y,

m
Aguesta aproximacié al nombre de Sherwood de la fase mobil només resulta valida
guan la columna té una porositat externa entre 0.35 i 0.44 i si es treballa a velocitats
intersticials reduides entre 1 i 250. Aquests valors de Sh,, es calculen automaticament
a la columna AM al generar-se els valors de velocitat intersticial reduida de la columna
H (que per la seva part es generen quan l'usuari introdueix les dades de temps de

retencié a la columna B).

Un cop estimades les diferents contribucions a I'eixamplament de banda en forma
d’alcada de plat reduida, la substraccido successiva de totes elles a I'alcada de plat
reduida total (h) déna lloc a una al¢ada de plat que es pot atribuir a la contribucié del
terme A de I'equacié de van Deemter. Aquests valors es generen a la columna M. A la

Figura 11 s’observa la zona d’introduccié de dades del full Excel i les diferents
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contribucions a I'eixamplament de banda expressades en forma d’algada de plat

reduida.

Provide data for to,N or for ug, H

tol) N um/s) Him |uim/s) vol/)  vi(/) [RRO he | hem | ha

1452.60 2038 0.00010 7.1S1E-0S | 0.000133 05 0.6 14.30 | 143E+01 2.36E-03| 8.28E-03| 3.66E-03
T742.43 3827 0.00020 3.920E-0S| 0.000266 0.3 12 7.84 | T.1SE+00| 4.7IE-03| 1.76E-02| 6.63E-01
372.69 B717 0.00040 2.233E-05| 0.000530 18 2.4 4.47 |3.59E+00| 9.38E-03| 3.55E-02( 8.30E-01
243.80 8934 0.00060 1679E-05| 0.000733 2.8 3.6 3.36 |2.40E+00| 1.40E-02| S.13E-02| 8.34E-01
186.76 10526  0.00080 142SE-05| 0.001057 3.7 4.3 2.85 | 1.80E+00| 1.87E-02| 6.73E-02( 3.64E-01
143.17 11807 0.00101 1270E-05| 0.001323 4.6 6.1 2.54 |144E+00| 2.34E-02| 8.20E-02| 9.98E-01
124.30 12584 0.00120 1.132E-05 | 0.001580 5.5 7.2 2.38 |1.20E+00| 2.80E-02| 9.56E-02| 1.06E+00
107.25 13142 0.00140 1.141E-0S | 0.001840 6.4 8.4 228 | 1.03E+00| 3.26E-02| 1.039E-01( 1.TE+00
93.75 13676 0.00160 1.037E-05| 0.002105 7.3 9.7 213 | 9.03E-01) 3.73E-02( 1.22E-01) 1.13E+00
83.50 13535 0.00180 1.108E-05 | 0.002364 8.2 10.8 222 | 8.05E-01| 4.18E-02| 1.34E-01( 1.24E+00
75.28 13414 000193 1.118E-05 | 0.002622 31 12.0 224 | 7.25E-01| 4.64E-02| 1.46E-01( 1.32E+00
83.71 13635 0.00173 1100E-05 | 0.002358 8.2 10.8 2.20 | 8.07E-01| 4.17E-02| 1.34E-01| 1.22E+00

75.49 13378 000193 1121E-05 | 0.002615 391 12.0 224 | 7.27E-01| 4.63E-02| 1.46E-01( 1.32E+00
68.75 13273 000218 1130E-0S | 0.002871 10.0 13.2 2.26 | 6.62E-01| S5.08E-02| 1.S8E-01| 1.39E+00
63.15 13138 0.00238 1142E-0S [ 0.003125 10.9 14.3 2.28 | 6.09e-01| 5.53E-02| 1.69E-01| 1.45E+00
58.40 12833  0.00257 1163E-0S | 0.003380 1.8 15.5 233 | 5.63E-D1| S.98E-02| 1.80E-01( 1.52E+00
54.35 12663  0.00276 118SE-0S5 | 0.003631 2.7 16.7 2.37 | 5.24E-01| 6.43E-02| 1.91E-01| 1.59E+00

50.85 12578 0.00235 1133E-0S | 0.003881 13.5 17.8 233 | 4.90E-01| 6.87E-02| 2.02E-01( 1.62E+00
47.31 1931 0.00317 1.257E-05| 0.004171 4.5 131 251 | 4.56E-01) 7.39E-02| 2.14E-01| 1.77E+00

43.78 11406 0.00343 1.31SE-0S | 0.004503 5.7 20.7 263 | 4.22E-01| 7.98E-02| 2.28E-01( 1.30E+00
0.00343 1.315E-05 | 0.004503 1.7 20.7 263 | 4.22E-01| 7.98E-02| 2.28E-01( 1.90E+00
0.00343 1.31SE-05 | 0.004503 8.7 20.7 263 | 4.22E-01| 7.98E-02| 2.28E-01( 1.90E+00
0.00343 1.315E-05 | 0.004503 18.7 20.7 263 | 4.22E-01| 7.98E-02| 2.28E-01( 1.90E+00
0.00343 1.31SE-05 | 0.004503 8.7 20.7 263 | 4.22E-01| 7.98E-02| 2.28E-01( 1.30E+00
0.00343 1.315E-0S | 0.004503 5.7 20.7 2.63 | 4.22E-01| 7.98E-02| 2.28E-01] 1.90E+00

Figura 11. Captura de pantalla de la zona d’introduccid de dades i obtencié de les

diferents alcades de plat reduides de I'arxiu Excel [152]

D’acord amb tots aquests valors de les diferents contribucions a I’eixamplament de
banda, a la part superior del full de calcul es generen dos grafics que permeten
visualitzar de manera clara totes aquestes dades. A la part esquerra es troba el grafic
on les diferents contribucions de I'equacié de van Deemter (en forma d’al¢cada de plat
H) es van restant a l'alcada de plat total. Per altra banda, just a la seva dreta, es troba
un grafic on es mostra el valor numeric de les diferents contribucions per a tot
I'interval de velocitat de I'analit, fet que permet entendre la seva evolucié en funcié
del cabal de la fase mobil i que també ajuda a comparar-les facilment. A la Figura 12 es

poden veure els dos grafics anteriorment descrits.

Per ultim, I'arxiu Excel també permet un altre tipus d’avaluacié del rendiment d’una
columna mitjancant el que es coneix com a grafics cinetics (kinetic plots) i grafics de
limit de rendiment cinetic (kinetic performance limit plots, habitualment abreviats a
KPL-plots). Els kinetic plots son grafics complementaris a les corbes de van Deemter i
s’utilitzen per coneixer la relacié existent entre el temps de retencié i el nombre de

plats obtingut [154,155], fet que permet a I'usuari buscar un equilibri entre la qualitat
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d’un pic cromatografic i el temps que s’inverteixi en assolir aquesta qualitat. Per la
seva part, els KPL-plots sén un tipus especific de kinetic plot en els que es mostra quin
seria el rendiment obtingut per a un determinat pic cromatografic si el sistema
cromatografic treballés en condicions optimes, és a dir, al maxim de pressié assumible

per I'instrument [156].

ioeos 1 Absolute H-values {successive A0 Reduced h-values (individual *h
£ subtractions) | | contributions) mhB
| ;’ ' ES hCs
| 15205 30 ©hCm
. o » | hA
+ ¥ = + *
@ + > =] #» + 4
toooe e m b AT 2 2 5 A
10£05 Be 0 )
nB? Bo ] o A
pRscoc° g KAA
[ Bo Kol a8 Lo 4
50606 HHH;}E"’J & 10 Pax’
) R A A HH-HB : e (.
o H-HB-HCs ‘ UNagy, .
0.0£:00 -} : . ' i , 00 r«:LLJ__;L,L_L-‘;‘;,-,;','-",C!J:L‘-L_"-'T'-L"L"L"',.,O .
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Figura 12. Grafics donats pel full de calcul proporcionat. A I'esquerra, la resta
successiva de les diferents alcades de plat; a la dreta, les alcades de plat reduides

corresponents a cadascuna de les contribucions de I'equacié de van Deemter

Per portar a terme aquesta caracteritzacié de tipus cinetic en el full Excel, caldra
que l'usuari anoti el valor de pressié maxima al que esta disposat a arribar (casella
S18), la viscositat de la fase mobil (casella S27) i la pressié obtinguda en les diferents
mesures que han permes la construccié de la corba de van Deemter (columna A). Aixo
generara dades de tipus KPL tant de temps de retencié com de nombre de plats
(columnes O-P) i dibuixara la corba KPL corresponent a la part superior dreta del full de
calcul, on es podra observar el rendiment optim de la fase estacionaria quant a Ila
relacido entre temps de retencié i qualitat del pic cromatografic (a través del seu

nombre de plats).

128



3.2. PREDICCIO DE LA RETENCIO D’ANALITS
IONITZABLES EN MODE GRADIENT

Tal i com s’ha vist anteriorment, la cromatografia de liquids d’alta resolucié en fase
reversa (RP-HPLC) és una de les técniques analitiques més emprades actualment i,
d’entre els possibles modes a utilitzar, I'eluci6 en gradient és la que té més
importancia degut a les seves multiples aplicacions a I’hora de dissenyar métodes i
separacions de mescles. Aquest fet ha provocat que un dels camps de recerca d’interés
relacionats amb la RP-HPLC hagi estat el d’establir models que permetin predir la
retencié cromatografica de substancies en gradient. Encara que existeixen diversos
models per predir la retencid en gradient de substancies neutres [89,100-102,106],
I'atencié prestada a la predicciéd de la retencié de substancies ionitzables és molt
menor. Aixi doncs, desenvolupar models de prediccié de la retencié de substancies

amb propietats acid-base és de gran interés.

3.2.1. Desenvolupament de models

El primer pas en el desenvolupament de models que permetin la prediccié en
gradient d’analits ionitzables ha estat el d’entendre, de forma separada, la retencid
d’analits neutres en mode gradient i la retencid d’analits ionitzables en mode isocratic.
Aixi doncs, es parteix de I'equacié que modela la retencié d’analits ionitzables en
isocratic com a referéncia (equacio (45)). En aquesta equacio, el terme log ky respon a
la retencié de la forma neutra de I'analit, retencié que depén només de la polaritat de
la fase mobil i, per tant, per a cada analit concret és funcid, exclusivament, de la
naturalesa i fraccié de modificador organic a la fase mobil, ¢. El segon terme de
I’equacio (45) referent a la ionitzacié de I’analit conté el grau d’ionitzacié, D, parametre
gue depen alhora del pH de la fase mobil i el pK, de I'analit (equacio (43)), que sén
funcié també de la naturalesa i fraccié del modificador organic. Per tant, cal modelar
els dos termes de I’equacid (45) en funcid de ¢ i aquest darrer d’acord amb el gradient

aplicat per tal d’aconseguir un model adequat per a la descripcié de la retencié en
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mode gradient. La substitucié de log ky per qualsevol de les expressions que relacionen
la retencié amb la fraccié de modificador organic com ara els models de tres, dos i un
parametres (equacions (30), (33) i (34) respectivament) portara a expressions que
permeten la prediccié en gradient de compostos ionitzables. D’aquesta manera,

s’obtenen tres models de prediccio diferents:

log k=a— +log [1-D(1-f)] (54)
1+bep

log k=q+pP" +log [1-D(1—£)| (55)

log k=(log k), +p(RY —P)+log [1-D(1~1)] (56)

L’aplicacié de qualsevol d’aquests models implica també la modelacié del terme D,
és a dir, del pH de la fase mobil i del pK, de I'analit, amb ¢. Després d’establir els
diferents models, és necessari comprovar si aquestes expressions son valides per
predir els valors experimentals. Cal mencionar que aquests models es limiten a predir
la retencidé d’analits monoprotics, ja que els analits poliprotics tenen un comportament

de retencié molt més complex no previst en cap d’aquests models.

3.2.2. Disseny del treball experimental

Per tal d’assegurar que els models de prediccid siguin robustos s’han de validar
experimentalment considerant tot I'interval possible en les variables que cal tenir en
compte. Per aquest motiu, abans de comencar a fer les mesures es va dur a terme un
procés de seleccid de substancies i de condicions experimentals per provar que els

models fossin aplicables en el major nombre de situacions possibles.

3.2.2.1. Seleccio de substancies

A I'hora de seleccionar les substancies que s’utilitzarien per fer I'estudi es van seguir

els seglients criteris:

- La meitat de substancies estudiades sén acids i I'altra meitat sén bases, per tal de

garantir I'aplicabilitat a tot tipus de compostos.
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- Les substancies sdon monoprotiques, és a dir, han de tenir un unic proto

ionitzable (un sol pKa,).

- El pK, de les substancies esta comprées entre 4 i 9. Idealment es buscaria cobrir
un interval de pK, més gran pero cal tenir en compte que caldra fer mesures en
qgue els analits estiguin en la seva forma totalment neutra i en la seva forma
totalment ionitzada (cosa que s’assoleix a dues unitats de pH de distancia del seu
valor de pK;) i que l'interval de pH de treball de la columna és de 2 a 11. Si a aix0
se li afegeix la variacio del pH de la fase mobil i del pK; de I’analit en funcié de la
fracci6 de modificador organic, cal preveure aquestes variacions per tal de no

traspassar en cap moment els limits de treball de la columna.

- El pK; dels diferents compostos prové de diferents grups funcionals ionitzables.
Aquest aspecte cobra una especial importancia en la estimacié del pK; a partir de
I'aproximacio matematica, ja que els coeficients que s’han d’aplicar sén funcié

del grup funcional de I'analit.

- Les substancies contenen com a minim un anell aromatic per poder garantir la

seva deteccid a la longitud d’ona seleccionada en el detector (254 nm).

Sota tots aquests criteris es va proposar una llista de 12 compostos, compostos que

es mostren a la Taula 2:

Taula 2. Llista de compostos estudiats, juntament amb el seu valor de ! pK, i el seu

grup funcional ionitzable

Compost w PK; Grup funcional
2,4-dinitrofenol 4.09 Fenol
Acid benzoic 4.20 Acid carboxilic aromatic
2,5-dinitrofenol 5.22 Fenol
2,4,6-tribromofenol 6.10 Fenol
2,4,5-triclorofenol 6.72 Fenol
Vanillina 7.40 Fenol
Piridina 5.25 Piridina
4-tert-butilpiridina 5.99 Piridina
2,4-lutidina 6.79 Piridina
2,4,6-trimetilpiridina 7.43 Piridina
Lidocaina 7.95 Amina
N,N-dimetilbenzilamina 8.91 Amina
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Posteriorment, en comprovar que els models funcionaven amb substancies de poca
complexitat molecular, es va ampliar la llista amb 8 farmacs (4 acids i 4 bases) de pes
molecular més elevat i estructura més complexa, perdo amb els mateixos criteris de

seleccié esmentats anteriorment. Les estructures d’aquests compostos es poden
consultar en la Figura 1 de l'article 4, mentre que els seus valors de ! pKj i el seu grup

funcional es mostren a la Taula 3.

Taula 3. Compostos de major complexitat estudiats, afegits a la llista de compostos

inicial, juntament amb el seu valor de | pKj i el seu grup funcional ionitzable

Compost w PKa Grup funcional
Atorvastatina 4.04 Acid carboxilic alifatic
Acid flufenamic 4.16 Acid carboxilic aromatic

Naproxe 4.28 Acid carboxilic alifatic

Rosuvastatina 4.44 Acid carboxilic alifatic
Bupivacaina 8.10 Amina
Clonidina 8.05 Amina
Diltiazem 7.79 Amina
Trazodona 6.73 Amina

Cal aclarir que, si bé moltes d’aquestes substancies tenen més d’un pK,, només un
proté s’ionitza de forma significativa en I'interval de pH en el que es treballa, per la
qual cosa es pot considerar que aquests compostos funcionen com a substancies

monoprotiques.

3.2.2.2. Seleccid de gradients

Tal i com s’ha comentat previament, el mode gradient és un tipus d’elucid en la qual
la composicid de la fase mobil varia durant I'elucié. Els parametres més importants sén
la fraccio inicial i la fraccid final de modificador organic i també el temps que dura el
gradient, és a dir, el temps que trigara la fase mobil en arribar de la composicid inicial a
la composicid final. La velocitat en que la composicié de la fase mobil varii dependra,
en gran mesura, de si I'interval de composicions és molt gran i de si el gradient disposa
de més o menys temps per arribar d’una composicido a l'altra. Ara bé, mantenint
constants aquests tres termes, encara existeixen diferents tipus de gradients en funcié

de la manera en la qual la fracci6 de modificador organic varia amb el temps. Si la
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composicid varia d’una forma constant amb el temps es tractara d’un gradient lineal.
Per contra, si la manera com varia la composicié va creixent o disminuint amb el
temps, es tractara d’un gradient concau o convex, respectivament. Es possible
determinar la fracci6 de modificador organic en la fase mobil a cada moment de
I'elucié mitjancant I'equacié (57), que explica com el mesclador del sistema

cromatografic fa variar la composicié de la fase mobil amb el temps [157]:

e7—1

=1 (57)

P=@; +(¢f _(Din)

En aquesta equacid, @i, i ¢f son, respectivament, les composicions inicial i final del
gradient, t és el moment en el que es vol determinar la fraccié de modificador organic
de la fase mobil ¢, T és el temps total del gradient i a representa la corba que segueix
el gradient, és a dir, la manera com la variacié de la fraccié de modificador organic va
creixent o decreixent amb el temps. Els valors d’a superiors a 0 corresponen a
gradients concaus mentre que els valors d’a inferiors a 0 respondran a gradients
convexos. Addicionalment, com més gran sigui el valor absolut d’a del gradient més

pronunciada sera la corba que segueixi el gradient.

90 -
= Gradient V1
=
Q Gradient V2
=
= — Gradient V3
Gradient V4
10
D T T T T 1
0 5 10 15 20 25

t (min)

Figura 13. Gradients creats combinant diversos gradients senzills (gradients variats)

Tenint en compte les diferents caracteristiques de cada tipus de gradient, per a fer

aquest estudi es van seleccionar 12 gradients dels tipus anteriorment esmentats (4
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lineals, 4 céncaus i 4 convexos) i, a més, se’n van crear 4 d’addicionals que encadenen
gradients de diversos tipus (anomenats gradients variats, sovint representats per la
lletra V). La Figura 13 mostra I'evolucié d’aquestes combinacions de gradients amb el
temps. Per altra banda, els altres perfils de gradient més senzills utilitzats en els
diferents estudis de prediccio (lineals, concaus i convexos) poden consultar-se en els

articles publicats (Figures 2A, 2B i 2C en I'article 2, Figura 2A en l'article 4).

Cal afegir que, abans que comenci el gradient, existeix una etapa isocratica la
composicid inicial que correspon al temps que el gradient triga en arribar a la columna.
Aquest temps és habitualment conegut com a dwell time o temps de residéncia (tp) i és
caracteristic de cada instrument HPLC, ja que depén dels moduls que el conformin i els
tubs que els connectin. Coneixer el valor del dwell time del sistema és un aspecte forca
important ja que, en cas contrari, no es podria determinar la retencid dels analits a

través de I'equacio (40).

Una de les maneres més habituals de determinar el valor del dwell time és la que es
descriu a continuacié [158]. En un sistema HPLC amb dues bombes cromatografiques,
es col-loquen dos recipients amb metanol, amb la diferéncia que en un d’ells cal afegir
unes gotes d’acetona. En aquestes condicions, es realitza un gradient lineal de 20
minuts de durada que vagi de metanol pur a la mescla de metanol i acetona (és a dir,
el mesclador passara d’agafar 100% d’una bomba a agafar 100% de I'altra) i s’ajusta el
detector a 260 nm, longitud d’ona especifica on absorbeix |'acetona. La diferéncia
entre el temps del gradient i el temps que marca el cromatograma equivaldra al dwell

time del sistema. L'esquema del metode utilitzat es mostra a la Figura 14:

_ tp ———- Temps de gradient

Inici del -7

gradient -~ Absorbancia

-~
-~
-~

0 20
t (min)

Figura 14. Esquema del procediment per determinar el temps de residéncia

En aquesta figura, la linia discontinua representa el gradient programat pel software

mentre que la linia continua és |'absorbancia observada en el cromatograma. Es
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recomana agafar la diferéncia entre ambdues linies a la meitat del gradient, en aquest
cas 10 minuts, per a una major exactitud. D’aquesta manera s’eviten errors per
arrodoniment o per possibles irregularitats del senyal en els extrems del propi

gradient.

Per tal de comprovar la fiabilitat dels models de prediccid en un interval ampli de
pH, els gradients proposats per a cada estudi es van implementar a tres valors de " pH
diferents. Els tampons seleccionats van ser un tampd d’acetat a pH 5 i un altre tampd
de fosfat a pH 7 (el ; pH creix conforme augmenta la fraccié de modificador organic a
la fase mobil) i un tampd d’amoni a pH 9 (el ; pH disminueix conforme augmenta la
fraccio de modificador organic a la fase mobil). No es va estudiar la prediccié de la

retencidé a valors més extrems de pH per respectar el maxim possible I'interval de pH

de treball de la columna.

3.2.3. Obtencio de dades previes

Els tres models de prediccié proposats depenen essencialment de tres variables: els
parametres propis de cada solut (que seran diferents per a cada model de prediccid),
el grau d’ionitzacié D i la relacié entre els factors de retencié de I'espécie neutra i
I’espécie ionitzada f. Per tant, abans de poder obtenir les dades de retencié calculades
a través dels models, cal determinar amb la maxima exactitud possible tots aquests

parametres.

3.2.3.1. Parametres de retencio propis del solut

En aquest estudi es fan servir tres models de prediccié diferents, basats en un, dos i
tres parametres de retencid, que segueixen |'expressio de les equacions (56), (55) i (54)
respectivament. En aquest sentit, el primer que cal fer és determinar els parametres
propis del solut: p per al model d’un parametre, p i g pel model de dos parametres i,
per ultim, a, b i c per al model de tres parametres. Cal aclarir que els valors de p per al
model d’un parametre i per al model de dos parametres son lleugerament diferents; el
fet que es representin mitjancant el mateix simbol és degut a I’evolucié historica de

construccio dels models de retencid.
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Per tal de realitzar aquesta determinacié cal mesurar la retencié dels diferents
soluts en la seva forma neutra a diferents composicions de fase mobil en mode
isocratic. Per a fases mobils amb acetonitril, els percentatges de modificador organic
escollits van ser 20%, 40%, 60% i 80%. Tot i que la intencid inicial era fer servir les
mateixes composicions en fases mobils metanol-aigua, les caracteristiques del solvent
organic no van permetre-ho. El metanol, en ser un solvent organic més polar i amb
menor forga el-luotropica que I'acetonitril, déna lloc a temps de retencié més elevats i
aixd va provocar que, en aquest cas, les mesures a un 20% de metanol en la fase mobil
fossin massa llargues com per poder-les portar a terme experimentalment. Per aquest
motiu, es va optar per mesurar la retencié dels diferents soluts a un 40%, 50%, 60%,
70% i 80% de metanol en la fase mobil (de fet, per a algunes substancies el valor al
40% ja no es va poder determinar, per la qual cosa aquest valor de retencié es va

extrapolar a partir de la resta de dades).

La manera conceptualment més correcta de determinar la retencié de l'especie
neutra dels analits és mitjancant I'equacidé (23), pero el procediment experimental
associat requereix la mesura de la retencié de I'analit a diversos valors de pH i no
sempre es pot dur a terme ja que es necessita una quantitat significativa de temps i de
recursos. Alternativament, es pot considerar que la substancia esta en la seva forma
totalment neutra als valors de pH que delimiten l'interval de pH de treball de la
columna, és a dir, pH 2 per a substancies acides i pH 11 per a substancies basiques i,
per tant, determinar els valors de retencié de I'espécie neutra exclusivament a través
de mesures en aquestes condicions de pH. Els tampons utilitzats per a dur a terme
aquestes determinacions van ser un tampd d’acid fosforic a pH 2 (el ;pH creix
conforme augmenta la fraccié de modificador organic a la fase mobil) i un tampé de
pirrolidina a pH 11 (el ;pH disminueix conforme augmenta la fraccié de modificador
organic a la fase mobil). Detalls sobre com es va dur a terme el treball experimental,
com ara marques comercials dels reactius i/o analits, algunes especificacions del
sistema HPLC o la columna cromatografica utilitzada en cada cas, poden consultar-se a

la seccio titulada Experimental en els els articles 2 i 4.

Posteriorment, aquestes dades de temps de retencid han de ser convertides a

dades a log k (parametre en el qual s’expressa la retencid en els models
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cromatografics), per la qual cosa es fa necessaria la determinacié del temps mort del
sistema. Tot i que existeixen una amplia varietat de metodes per determinar el temps
mort, en aquest estudi es va determinar mitjancant la injeccié de KBr com a marcador
no retingut i la seva deteccid a 190 nm [159]. Un cop obtinguts els valors de log k,
s’ajusten als models pertinents juntament amb els valors de ¢ o de P,," (depenent del
model per al qual es determinin els coeficients) als que han estat mesurats, obtenint
aixi els parametres caracteristics de cada solut per als models de dos i de tres
parametres. No és el cas del model d’un parametre ja que aquest, addicionalment,
requereix la determinacié dels valors de PN i de (log k)o. Cal recordar que, en treballar
amb I'analit en la seva forma neutra, el terme referent a la seva ionitzacié en les

equacions (54-56) és nul.

Per tal d’obtenir els valors de P;" i de (log k)o es va dur a terme el procés de
caracteritzacié de columna [91], descrit previament a la seccié 1.4.1.1. El procés va
donar lloc als segiients valors: (log k)o = - 0.752; P," = 0.0066. Els resultats sén
coherents especialment en el cas de Pija gue, tenint en compte que la polaritat de Ia
fase estacionaria en RP-HPLC ha de ser molt baixa, el valor de P." sempre s’ha de
trobar al voltant de 0 [47]. Un cop dut a terme aquest procés, es van poder determinar
els valors de p per al model d’'un parametre. Cal dir que, en no ser un ajust siné una
substitucid directa, no es determina un Unic valor de p (com en el cas dels altres
parametres) sind que cada composicié de la fase mobil déna lloc a un valor de p. El
valor de p per a cada compost sera la mitjana dels valors obtinguts a les diferents

fraccions de modificador organic estudiades.

Aquest procés de caracteritzacid requereix un treball experimental addicional
respecte als altres dos models quan s’utilitza per primera vegada ja que cal determinar
els valors de (log k)o i Ps" perd té el gran avantatge que, degut a que aquests
parametres sdn constants per a cada sistema cromatografic, només cal determinar-los
una vegada. Aquest fet facilita en gran mesura I'ds del model un cop el sistema esta
caracteritzat, ja que I'Unic valor no conegut sera el del parametre p, que fa referéncia a

la retencié del solut que es mesura.
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La Taula 4 resumeix els coeficients determinats per a cada un dels models de

prediccié en fases mobils de tipus acetonitril-aigua.

Taula 4. Parametres de retencio propis del solut per als models de tres, dos i un

parametres per a la prediccié en acetonitril

3 parametres 2 parametres 1 parametre
(equacid (30)) (equacid (33)) (equacid (34))
Compost a ‘ b ‘ c p ‘ q p

2,4-dinitrofenol 2.048 0.852 5.313 3.462 -1.151 2.30
Acid benzoic 2.637 4.683 18.023 2540 -0.964 1.97
2,5-dinitrofenol 2.182 1.181 6.192 3.312 -1.025 2.54
2,4,6-tribromofenol 4.788 2.656 18.448 4.983 -0.996 4.36
2,4,5-triclorofenol 4.768 3.039 20.764 4.867 -1.120 3.87
Vanillina 2.061 5.460 16.622 1.918 -0.845 1.69
Piridina 1.927 11.081 27.663 1.131 -0.578 1.69
4-tert-butilpiridina 4,934 6.427 38.044 3.513 -0.816 3.43
2,4-lutidina 4.377 12.079 60.606 2.157 -0.671 2.48
2,4,6-trimetilpiridina 4.767 10.323 56.654 2.589 -0.726 2.75
Lidocaina 5.014 4.021 26.672 4.539 -1.043 3.78
N,N-dimetilbenzilamina 3.560 5.017 22.277 2.873 -0.635 3.31

3.2.3.2. Grau d’ionitzacio

El factor que provoca que la prediccid de la retencid de substancies ionitzables sigui
més complexa que la de substancies neutres és que els compostos amb propietats
acid-base tenen la capacitat d’estar en la seva forma neutra o en la seva forma
ionitzada, ja sigui totalment o parcialment. El grau d’ionitzacié D és un valor que indica
quina fraccié de l'analit esta en la seva forma ionitzada. Tal i com es mostra a
I’equacié (43), el grau d’ionitzacié depén tant del pH de la fase mobil com del pK; de
I'analit i, com s’ha vist als apartats 1.3.3 i 1.3.4, aquests dos parametres varien en
funcié del tipus de modificador organic i de la composicid de la fase mobil. Per tant, un
dels aspectes més importants a I’hora de predir amb exactitud la retencié d’analits
amb propietats acid-base ha de ser el de preveure amb la major precisié possible el
grau d’ionitzacid de I'analit. Aixo, inequivocament, comporta una bona modelacié del

pK, de I'analit i del pH de la fase mobil durant I’elucio.
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3.2.3.2.1. Estimacio del pH

La manera de determinar I'evolucié del pH amb la composicié de la fase mobil va
ser utilitzant dades experimentals recollides a la sortida del sistema cromatografic. Aixi
doncs, sense haver-hi mesura cromatografica, es va fer circular fase mobil a diverses
composicions en mode isocratic (en aquest cas es va fer a 20%, 40%, 60% i 80%) i, a la
sortida del sistema cromatografic (tub de residus), es va recollir aguesta fase mobil per

mesurar-ne el seu valor de ; pH. Aquests valors es van ajustar després a una equacié

gue modelés I'evolucid del pH amb la fraccié de modificador organic. En funcié de la
precisi6 que es vulgui tenir, es poden utilitzar equacions de major o menor
complexitat, en aquest cas es va considerar que la modelacid ja era prou bona
utilitzant equacions de segon grau, aixi que es van ajustar els valors de pH mesurats a

expressions com la seglient:

wPH=Yo0" +y,0+y, (58)

Aquest procediment es va dur a terme tant en fases mobils de tipus acetonitril-
aigua com de tipus metanol-aigua; en la Figura 15 s’observa I'evolucié del pH dels
diferents tampons, aixi com la manera diferent en qué varien en funcié del

modificador organic utilitzat:

9.5
9 L NH;"/NH; A
<\L < 74
8.5 E : =5
8 /
2 H,PO, /HPO,> —— MeCN-aigua

7
—— MeOH-aigua

0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Fraccié de modificador organic (¢)

Figura 15. Evolucié del pH dels diferents tampons utilitzats en funcié de la fraccié i

naturalesa del modificador organic utilitzat
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Tal i com es pot observar a la figura anterior, cada tampé mostra un comportament
diferent en interaccionar amb el modificador organic. El tampd d’acetat a pH 5 mostra
un comportament creixent de quasi dues unitats de pH i és forca semblant
independentment del modificador organic utilitzat. Per contra, el tampd de fosfat a pH
7 també mostra un augment en el valor de pH conforme puja la fraccié de modificador
organic, pero aquest creixement és molt més pronunciat en fases mobils amb metanol
gue en aquelles que contenen acetonitril. Per ultim, per al tampd d’amoni a pH 9
s’observa un lleu comportament decreixent per als dos modificadors organics pero, en
aquest cas, son les fases mobils amb acetonitril les que alteren més el pH de la solucié
amortidora (a una fraccio de MeCN de 0.8 el pH varia una unitat mentre que, a la

mateixa fraccié de MeOH, el pH només disminueix mitja unitat).

Tenint en compte aquestes diferents evolucions es confirma que resulta essencial
monitoritzar i modelar el comportament del ; pH en funcié de la composicié de la fase
mobil, no solament perqué el valor de pH es pot arribar a modificar de forma molt
significativa (especialment a fraccions altes de modificador organic) sind perque cada
tipus de solucié amortidora reacciona de forma diferent amb el solvent organic de la

fase mobil, donant lloc a diferents evolucions del valor de pH.

3.2.3.2.2. Estimacio del pK,

Durant aquest treball s’han utilitzat dues aproximacions diferents a I’'hora d’estimar
I’evolucié del valor de pK; en funcid de la composicié de la fase mobil. Una d’elles
consisteix en I'obtencié de valors de pK, experimentals mitjancant I'equacié (23). Per
dur a terme aquest procés, el primer que cal fer és mesurar la retencié de 'analit a
diversos valors de pH a una mateixa composicio isocratica de fase mobil. Es recomana
gue aixo es faci per a un nombre considerable de valors de pH, ja que com més punts
s’obtinguin més acurada sera la representacié grafica posterior. A titol d’exemple, per
a fases mobils preparades amb acetonitril, es van obtenir un total de 10 valors de

retencid a diferents valors de pH, en les condicions que es mostren a la Taula 5.
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Taula 5. Valors de pH escollits i solucions amortidores utilitzades per a la

determinacié de valors de pK; experimentals (10 mM)

" pH Tampd “ pH Tampd
2.00 Acid fosforic 7.00 Fosfat
3.00 Acid citric 8.00 BIS-TRIS
4.00 Acid formic 9.00 Amoni
5.00 Acetat 10.00 Trietilamina
6.00 Citrat 11.00 Pirrolidina

Un cop obtinguts els valors de retencid, aquests es van representar respecte al pH al
gue van ser determinats i, posteriorment, es van ajustar a I'equacio (23), obtenint aixi
el valor de pK, de I'analit i la retencid de les seves especies neutra i ionitzada a la
composiciod isocratica de fase mobil a la que es van fer les mesures. Cal recalcar que,

tot i que les solucions amortidores es van preparar en base a valors de |, pH, cal
representar graficament la retencié envers el °pH, per la qual cosa cal mesurar

aquests valors amb anterioritat utilitzant el metode descrit en I'apartat anterior per a

la composicio a la que s’estigui treballant.

Per tal de poder estimar el comportament del pK, durant tot el procés d’elucié, es
realitzar aquest procés per a quatre composicions de fase mobil diferents (20%, 40%,
60% i 80%), fet que va originar quatre valors de pK, per a cada analit corresponents a
aquestes diferents fraccions d’acetonitril. Aquests valors es van ajustar a una equacié
de segon grau de la mateixa manera que es va fer en la determinacié de I'evolucié del
pH, descrita en I'apartat anterior; en aquest cas també es va considerar que 'equacié

(59) ja s’ajustava prou bé als punts experimentals obtinguts:
wPK, :qu)z TX P+ X, (59)

Aquest procediment de modelacio del pK; basat en dades experimentals es va fer
servir a l'article 2 amb resultats forca satisfactoris. Ara bé, també es va poder
comprovar que era un procediment que requeria invertir molt temps i recursos, ja que
calia mesurar de manera isocratica la retencié de cada analit per a diferents valors de
pH (10 en total) i per a diferents composicions de fase mobil (4 en total), fet que el feia
poc practic a I’hora de fer-lo servir de forma rutinaria. Per aquest motiu, a I'article 3 es

va proposar un metode alternatiu per a modelar I'evolucio del pK, dels analits durant
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el procés d’elucié. Aquest metode consisteix en estimar el valor de pK, a qualsevol
composicié de la fase mobil mitjancant equacions que utilitzen diferents coeficients
empirics en funcié del grup funcional de I'analit (equacions (24), (25) i (26)). Els grups
funcionals estudiats i els seus coeficients respectius, tant per acetonitril com per

metanol, es poden trobar a la Taula 1 de I'apartat 1.3.4.

El gran avantatge d’aquest métode és que suposa un gran estalvi de temps, ja que
els coeficients per a diversos grups funcionals ja estan establerts [57,72—75]. Per
contra, aquesta manera d’estimar el pK;, presenta I'inconvenient de no ser un métode
basat en dades experimentals sind en estimacions, per la qual cosa no pot no resultar
un métode tan acurat com l'anterior. L'objectiu principal de I'article 3 va ser comparar

ambdues maneres de modelar I'evolucié del pK, durant I’elucié cromatografica.

El primer que cal fer per estimar els valors de pK, d’aquesta manera és identificar el
grup funcional de cada compost per tal d’aplicar a les equacions els coeficients que li
pertoguen. Aquest pas, que pot semblar senzill per a substancies d’estructura simple,
pot resultar més complicat en substancies d’estructura més complexa, ja que s’ha
d’identificar primer quin és el protd ionitzable de la substancia i, posteriorment,
assignar la substancia a una familia de compostos. En el cas que el grup funcional
especific de la substancia no fos cap dels anteriorment estudiats, es va aproximar al
grup funcional més semblant per al qual ja s’"haguessin determinat els coeficients. Els
grups funcionals de les substancies escollides per aquest treball es poden consultar en

les Taula 3 (substancies senzilles) i la Taula 4 (substancies complexes).

Després de seleccionar el grup funcional de I'analit es determinen els valors dels
parametres as i bs a través dels coeficients corresponents a la familia de compostos,
gue poden consultar-se a la Taula 1, i de la fracciéd de modificador organic de la fase
mobil (equacions (25) i (26)). Posteriorment, I'equacio (24) permet la determinacié del

valor de {pK, de I'analit en aquella composicié de fase mobil; per realitzar aquest
calcul cal coneixer préviament el valor de ! pK, de I'analit. Per dltim, I'equacio (27)
permet transformar els valors de | pK; en valors de ; pK, a través del coeficient §, un

parametre que depen de la fraccido de modificador organic i que, per acetonitril i per

metanol, es pot calcular mitjancant les equacions (17) i (18) respectivament.
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Tal i com s’observa a l'article 3, I'aproximacio experimental i I'aproximacié calculada
a I'evolucié del pK, amb la composicié de la fase mobil va donar lloc a comportaments
molt semblants. En la Figura 16 es comparen ambdds tipus de modelacions per als

acids estudiats, mentre que a la Figura 17 es pot observar aquesta comparacio per a

les substancies basiques, sempre fent servir acetonitril com a modificador organic:

2,4-dinitrofenol Acid benzoic
6 7
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s / /, 6 / yd
¥ a5 -// ¥ 55 ///
4 5
=
35 4.5
3 T T T 1 4 T T T 1
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Fraccié de MeCN (¢) Fraccié de MeCN (¢)
2,5-dinitrofenol 2,4,6-tribromofenol
8 9
75 85
7 8
& 65 - & 75
- g4 - 7~
6 __— 7 =
55 — 6.5 —
5 T T T | 6 T T T 1
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Fraccié de MeCN (¢) Fraccié de MeCN ()
2,4,5-triclorofenol Vanillina
9 10
85 9.5
’ /7 ’ ﬁ‘
& 75 o 85
a / s //
7 8 —
6.5 7.5
6 T T T 1 7 T T T 1
0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
Fraccié de MeCN (¢) Fraccié de MeCN (¢)

Figura 16. Comparacié entre les aproximacions a I'estimacié del comportament del

pKs en funcid de la composicié de la fase mobil per a les substancies acides. La linia

blava (

) representa el métode experimental, la linia vermella (

el metode calculat
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Piridina 4-tert-butilpiridina
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Figura 17. Comparacié entre les aproximacions a I’estimacié del comportament del

pK, en funcié de la composicid de la fase mobil per a les substancies basiques. La linia

blava ( ) representa el métode experimental, la linia vermella ( ) representa

el métode calculat

En la gran majoria de substancies, ambdues aproximacions donen lloc a evolucions
del pK, semblants. Aixo és aixi especialment en les substancies basiques ja que, com
s’observa a la Figura 17, ambdues linies es troben extremadament properes o inclis es
solapen durant bona part del grafic per a la majoria de substancies. Les substancies
acides també donen forca bé com a norma general, perdo hi ha alguna que altra
desviacid significativa. Aquestes diferencies es troben a fraccions de modificador

organic baixes per al 2,4,5-triclorofenol i a fraccions elevades per al 2,4-dinitrofenol
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(on la diferéncia arriba practicament a ser d’una unitat de pK,). Tenint en compte
aquestes discrepancies, és possible que les prediccions de la retencié d’aquestes dues
substancies en gradients en qué aquestes composicions de fase mobil siguin
importants (gradients concaus per a fraccions baixes, gradients convexos per a
fraccions elevades) tinguin un cert component d’error sistematic en aquest sentit. De
totes maneres, excepte aquests dos casos concrets, ambdues aproximacions donen
resultats que es consideren com a suficientment similars, per la qual no sembla que
substituir la modelacié del pK, experimental per la modelacié calculada afecti de forma

significativa a la prediccié de la retencié.

Cal dir que en aquests grafics només es realitza aquesta comparacié de la modelacié
del pK; fins a una fraccié de modificador organic de 0.6, ja que tant en I'article 2 com
en l'article 3 es treballa amb acetonitril i, per a aquest solvent, les equacions de calcul
del »pK, només estan demostrades fins a aquesta composicié. En I'article 4, per
contra, aquesta aproximacio s’ha utilitzat fins a una composicié del 80% de metanol, ja
que els coeficients estan validats per a fases mobils que contenen fins a aquest

percentatge de modificador organic.

3.2.3.3. Parametre f

El parametre f, tal i com ha quedat definit a I'equacié (44), és la relacié entre els
factors de retencié de I'espécie ionitzada i I’espécie neutra. Depenent de I'aproximacid
gue s’hagi seguit per determinar I'evolucié del pK, amb la fase mobil (aproximacions
descrites en l'apartat anterior), els valors d’aquests factors de retencid seran
determinats d’'una forma o d’una altra. D’aquesta manera, per a |'aproximacio
experimental es faran servir els valors obtinguts a través de I'’equacio (23), mentre que
si es fa servir I'aproximacio calculada caldra aprofitar les mesures realitzades a pH 2 i
pH 11 per a determinar els parametres propis del solut (préviament explicats a

I'apartat 3.2.3.1).

Teoricament, el parametre f hauria de ser constant per a la mateixa substancia
independentment de la composicid de la fase mobil pero, en determinar els factors de
retencié d’ambdues espécies a diferents composicions de fase mobil, es va comprovar

que aix0 no era del tot cert. Aixi doncs, es va haver d’establir un criteri robust que
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permetés la determinacid d’aquest parametre de forma acurada. Després de
considerar diverses maneres d’obtenir el valor del parametre f, es va decidir que el
procediment més acurat seria determinar-lo a partir dels valors de retencié a una
fraccid baixa de modificador organic. Aquesta decisié es fonamenta en que a
composicions de fase mobil amb poca quantitat de solvent organic els temps de
retencié sén més llargs i, per tant, I'error que es pugui cometre a I’"hora de mesurar
aquesta retencié sera menor, donant lloc aixi a errors relatius molt petits. D’aquesta
manera, guanyant fiabilitat en la determinacio dels factors de retencié de les especies
neutra i ionitzada, també se’n guanya a I’'hora de determinar el parametre f. Tot i que
determinar el parametre f a fraccions de modificador organic baixes és I'opcié que s’ha
comprovat com a més acurada, la retencié d’algunes substancies (especialment en la
seva forma ionitzada) encara segueix sent forca baixa, per la qual cosa la determinacié
del parametre f en aquests casos pot ser que porti associat un error experimental

inevitable.

Per als articles 2 i 3, en els que es va treballar amb fases mobils que contenien
acetonitril, la composicié de fase mobil escollida per a la determinacié del parametre f
va ser un 20% de modificador organic, ja que era la composicio inicial dels gradients
estudiats. Per contra, durant l'estudi en metanol desenvolupat a l'article 4, el
parametre f es va determinar a partir de dades de retencié al 40% de modificador
organic en la fase mobil. Aquest fet es va produir perqué, com ja s’ha explicat
anteriorment en l'apartat 3.2.3.1, els temps de retencié d’alguns analits en fases
mobils amb un 20% de metanol sén extremadament llargs i la seva determinacid no és
sempre possible, per la qual cosa calia buscar una composicid de fase mobil alternativa
a la que es pugués determinar la retencié. Tenint en compte que el percentatge més
baix al qual es va mesurar la retencido per a la determinacié dels parametres de
retencid propis del solut va ser el 40%, es va considerar que els temps de retencio
otinguts a aquest percentatge de metanol en la fase mobil eren els més adequats per a

la determinacié del parametre f.
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3.2.4. Avaluacio de resultats

Els tres models de prediccié es van posar a prova tal i com esta descrit a 'article 2.
Per fer aix0, per una banda es van injectar les 12 substancies escollides per a tots els
gradients i valors de pH seleccionats i, per I'altra, es va elaborar un full Excel que va
permetre la prediccié automatica dels temps de retencid per a cadascun dels models
un cop introduits tots els parametres que influeixen en l'elucié d’un analit amb
propietats acid-base: els parametres de retencid propis el solut (depenent del model
utilitzat), I'’equacié d’estimacié del pH de la fase mobil i 'equacié d’estimacié del pK;
de I'analit (que conformen el grau d’ionitzacio) i el valor del parametre f. Aixi mateix,
també es van afegir dades generals del sistema cromatografic com el valor del temps
mort i el valor del temps de residéncia (dwell time), imprescindibles per poder realitzar

la prediccid.

La Figura 18, dividida en les parts A, B i C en funcié del model de prediccid utilitzat,
mostra la retencid predita representada com a funcié de la retencié experimental
utilitzant acetonitril com a modificador organic, aixi com una linia vermella de pendent
1 i ordenada a l'origen 0 que serveix com a referéncia. La proximitat dels punts a
aquesta linia teorica indica la qualitat de la prediccid, ja que com més prop estigui el
punt de la linia més bona sera aquesta. Per a aquesta figura, els rombes sén punts
obtinguts a pH 5, els quadrats sén punts determinats a pH 7 i els triangles sén punts

corresponents a pH 9.
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Figura 18A. Prediccid per al model d’un parametre (n = 576) amb acetonitril com a

modificador organica pH 5 (¢), pH 7 (0) i pH 9 (A)
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Figura 18B. Prediccid per al model de dos parametres (n = 576) amb acetonitril com a

modificador organica pH 5 (¢), pH 7 (0) i pH 9 (A)
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Figura 18C. Prediccid per al model de tres parametres (n = 576) amb acetonitril com a

modificador organica pH 5 (¢), pH 7 () i pH 9 (A)

Tal i com es pot comprovar a la Figura 18, els tres models de prediccié donen
resultats bons. El que més salta a la vista observant els resultats és que els models de
dos i tres parametres sén forca bons pero que, per contra, en el model d’un parametre
(Figura 18A) s’observa forga més dispersio al voltant de la linia teorica, fet que indica
gue les seves prediccions no sén tan fiables com en els altres dos models. Per aquesta
rad, si bé resulta un model de rapida aplicacié quan el sistema cromatografic utilitzat
esta ja caracteritzat, es pot afirmar que el model d’'un parametre no és tan acurat com
els altres dos models estudiats i, per tant, només es recomana el seu Us en cas que es
desitgi prioritzar la rapidesa a I'exactitud dels resultats. Per la seva banda, es pot veure
com les prediccions corresponents als models de dos i de tres parametres sén forca
acurades i tenen una exactitud forca similar, ja que la gran majoria de punts estan
propers a la linia teorica. De fet, si s’observa amb deteniment la disposicid dels
possibles valors aberrants (punts que més disten de la linia teorica), es veu com en
ambdods grafics (Figures 18B i 18C) sén extremadament similars (destaquen els dos

triangles, punts obtinguts a pH 9, amb un temps predit més alt que el calculat i a un
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valor aproximat de 8 minuts en tg’ experimental), fet que assenyala la gran similitud
entre les prediccions donades per aquests dos models. Tenint en compte aquesta gran
similitud, es recomana utilitzar el model de dos parametres com a norma general
degut a que la determinacié de dos parametres comporta menys treball experimental
previ que determinar-ne tres. Aixi doncs, seguint aquestes directrius i d’acord amb
aquests resultats, en els seglients articles de la tesi es va decidir treballar només amb

el model de dos parametres.

Globalment, el model de dos parametres ddna lloc al grafic que es mostra a la
Figura 19, on hi figuren tots els punts obtinguts en la tesi, és a dir, amb fases mobils de
diversos valors de pH i que utilitzen tant acetonitril com metanol com a modificador
organic. El grafic inclou també els valors predits mitjancant la determinacié
experimental del pK; i I'estimacié d’aquest parametre mitjancant I'equacio (27). Cal
aclarir que el grafic esta expressat en termes de retencié de forma genérica perquée
durant el transcurs de la tesi, s’ha fet servir valors de temps de retencié ajustat
(articles 2 i 3) i de temps de retencié (article 4).
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Figura 19. Resultats totals obtinguts per al model de dos parametres (n = 1392) amb

acetonitril i amb metanol com a modificadors organicsiapH5,7i9
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Aquesta figura dona una idea forca clara que el model de dos parametres, a nivell
global, és un molt bon nivell de prediccié de la retencié d’analits ionitzables en mode
gradient. La gran majoria de punts estan molt prop de la linia tedrica i només hi ha tres
grups de punts que s’escapen lleugerament d’aquesta tonica general i que s’expliquen

a continuacio:

- Grup 1. El grup 1 esta format per mesures superposades de la lidocaina en
acetonitril a pH 5 segons l'aproximacié del pK, basada en equacions, més a
I'esquerra, i diverses mesures de la clonidina en metanol a pH 5, més a la dreta.
Cal dir que ambdues séries de punts (aixi com d’altres substancies presents en
aquesta zona del grafic) formen una linia horitzontal quan es representen
graficament. Aix0 es deu a que la retencié predita és inferior al dwell time del
sistema i per tant, sigui quin sigui el gradient aplicat, no afectara a l'elucié
calculada ja que, segons la prediccidé, el gradient mai arribara a la columna
cromatografica. Per tant, tot i que els temps experimentals per als diferents
gradients siguin diferents, la retencidé predita per a tots els casos en aquestes
condicions sera sempre la mateixa, i equivaldra a I'’elucié en mode isocratic a la
composicid de fase mobil inicial del gradient (un 20% de modificador organic). A
més de retencions predites inferiors al dwell time del sistema, per explicar I'error
obtingut es pot dir que tant la lidocaina com la clonidina sén substancies
basiques amb valors de pK; al voltant de 8 (tal i com es mostra a les taules 2 i 3)
gue, quan son analitzades a pH 5, tenen un grau d’ionitzacié molt elevat. Segons
el model de dos parametres (equacio (55)), quan el grau d’ionitzacio és elevat el
parametre f pren rellevancia, per la qual cosa es dedueix que una determinacio
no massa acurada del parametre f afecta de forma significativa quan I’analit esta
totalment ionitzat i, per tant, és quelcom que pot haver contribuit a aquests
errors. Per al cas concret de la lidocaina, tenint en compte que no s’observa cap
error quan s’utilitza I'aproximacid experimental, és possible que els factors de
retencid de les especies totalment ionitzada i totalment neutra (obtinguts a pH 2
i a pH 11) no siguin prou exactes i que, per tant, aixd doni lloc a un valor de f
lleugerament erroni. Per altra banda, en el cas de la clonidina, possiblement el

valor del parametre f a un 40% de metanol, composicié on es va determinar el
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parametre, sigui lleugerament diferent al valor de f a un 20%, la composicio
majoritaria d’elucié de I'analit.

- Grup 2. Aquests dos punts son discutits a I'article 2, corresponents a I’elucié del
2,4,6-tribromofenol en un gradient concau de 15 minuts a pH 9, utilitzant
acetonitril com a modificador organic, amb la diferéncia que en un d’ells el
gradient arriba fins a un 80% de d’acetonitril (punt més baix) mentre que en
I'altre només arriba fins a un 60% (punt més alt). Tal i com es descriu a l'article,
es va comprovar que existia una certa diferéncia entre la retencié de la forma
ionitzada donada per I'equacié (23) i la retencié experimental isocratica del
compost a pH 9. Tenint en compte que els gradients llargs concaus passen forca
estona en una composicié de fase mobil propera al 20%, es pot trobar certa
similitud entre I'elucié en aquests gradients i I'elucid isocratica a un 20% i, per
aquest motiu, resulta licit dir que la diferéncia observada durant la construccié

de la corba de pKj; es pot traslladar a la prediccio de I’elucié en gradient.

- Grup 3. Aquests dos punts, descrits a |'article 4, representen I'elucié amb fases
mobils que contenen metanol del 2,4-dinitrofenol (més a I'esquerra) i el 2,5-
dinitrofenol (més a la dreta) utilitzant un gradient de 15 minuts concau a pH 7.
En aquest cas, dos possibles motius expliquen la gran diferéncia entre la retencié
experimental i la retencid predita. El primer és una estimacié erronia de
I'ionitzacié dels analits. Segons el model de prediccié, ambdds compostos estan
totalment ionitzats en les condicions de treball i, de fet, aixi es reflecteix en unes
retencions estimades a pH 7 i a pH 9 que sén practicament equivalents. En canvi,
la retencié experimental és ostensiblement més elevada a pH 7 que a pH 9 (de
I'ordre de 3 minuts per a ambdues substancies), fet que fa pensar que en realitat
el compost no esta totalment ionitzat i que, per aquesta rao, es reté més del que
preveu el model de prediccid. L'altre factor que afecta a aquestes dues
prediccions torna a ser, com en el cas del grup 1, la determinacié del parametre
f. Es possible que el valor del parametre f determinat a un 40% de modificador
organic sigui lleugerament diferent al valor a un 20%, i aix0 afecta especialment
als gradients concaus ja que aquests romanen la majoria de temps a una

composicid de fase mobil forga propera al valor inicial de gradient (en aquest cas,
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precisament, un 20% de metanol). Per tant, en gradients concaus com els
representats en aquests punts, és més probable que aquest possible error en la
determinacié del parametre f pugui afectar significativament a la prediccio de la

retencio.

Addicionalment, en l'article 3 es discuteixen alguns punts més, com per exemple
I’error sistematic en gradients concaus per al 2,4,5-triclorofenol préviament previst a la
seccid 3.2.3.2 degut a la diferencia entre les dues aproximacions a la modelacié de
I’evolucié del pK,. Ara bé, tot i que eren punts que destacaven dins del marc de I'article
3, en adoptar una aproximacié més global a la prediccié de la retencié no s’observa
gue aquestes prediccions presentin errors significatius, per la qual cosa es pot afirmar
que els petits errors que s’aprecien a I'article 3 quant a la modelacié de I'evolucié del
pKa no influeixen significativament en el global del model de prediccié. Per aquest
motiu, es considera que I'aproximacio a partir de les equacions (24) a (27) és la manera
més adequada de modelar el pK,, ja que I'estalvi que aquesta aproximacié comporta
guant a temps i recursos invertits en realitzar el treball experimental previ compensa

amb escreix la lleugera perdua de qualitat en les prediccions que suposa el seu Us.

Per ultim, un dels objectius d’aquest treball era el de desenvolupar un model capag
d’englobar a qualsevol substancia que, en les condicions de treball, funcionés com un
compost monoprotic. Per aquesta rad, a I'article 4 es van incloure diverses substancies
d’estructura moderadament complexa (que es pot consultar a la Figura 1 d’aquest
article) i de pes molecular elevat. Tal i com es pot observar a la Figura 20, la prediccio
de la retencié d’aquestes substancies va ser globalment forca acurada. En aquesta
figura es pot observar com, a excepci6 del bloc de punts corresponents a la clonidina a
pH 5 comentat anteriorment com a part del Grup 1 de la Figura 19, el model de
prediccié funciona forca bé per a substancies voluminoses, d’una manera semblant, fet
gue demostra que el model és robust per a qualsevol tipus de substancia que es vulgui

analitzar.
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Figura 20. Comparacié dels temps de retencid experimentals i els temps de retencid

predits per a substancies estructuralment complexes

Aixi doncs, tot i que existeixen una minoria de punts que s’escapen més del que
seria desitjable, el model de dos parametres s’ha fet servir amb éxit en els dos
modificadors organics més habituals per a un conjunt ampli de substancies, partint de
diferents valors de pH de la fase mobil i dissenyant diferents gradients d’elucié. Aixo el
converteix en un model robust i fiable i, per aquest motiu, es pot afirmar que és una
eina molt bona per a la prediccid de la retencié d’analits amb propietats acid-base en

mode gradient.
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3.3. DETERMINACIO DE LA LIPOFILICITAT
MITJANCANT UNA VERSIO OPTIMITZADA DEL
METODE DE SHAKE-FLASK

La lipofilicitat d’una substancia, mesurada habitualment per mitja del log P
(coeficient de particid) o del log D (coeficient de distribucid), és una de les propietats
més interessants avui en dia per a la industria farmacéutica. Aixo és degut a que, en
definir-se com el coeficient per al qual un compost es distribuira entre un solvent
aquods i un solvent organic, déna una idea forca exacta de com interaccionaran aquests
compostos amb les membranes cel-lulars que conformen els diferents teixits i sistemes
biologics del cos huma. Un resum general d’aquestes interaccions pot consultar-se a la
Taula 1 de l'article 5. D’entre totes les maneres de mesurar la lipofilicitat, el métode de
shake-flask s’ha establert com el de referéncia, ja que és un procediment experimental
gue s’assembla forca al procés actual de particid6 en una membrana bioldgica. No
obstant, el metode de shake-flask presenta algunes limitacions i, per aquest motiu,
optimitzar el metode de referéncia es converteix practicament en una necessitat.
Essencialment, aquesta optimitzacid es tradueix en modificar el métode per tal que
sigui apte per a substancies compreses en un interval més ampli de valors de
lipofilicitat i fer-lo adequat per a quantitats petites de mostra, ja que la industria
farmacéutica cada cop sintetitza una quantitat més gran de compostos candidats a ser
farmacs (de valors de lipofilicitat molt variables) perd ho fa en poca quantitat. En
aquest sentit, les millores al metode de shake-flask no solament pretenen fer possible
la utilitzacié de poca quantitat de substancia sind que, addicionalment, intenten partir
de la solucié del compost en DMSO, ja que aquesta és la forma en queé els compostos
solen estar emmagatzemats a les llibreries de substancies de les industries

farmaceéutiques.
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3.3.1. Optimitzacid del metode de shake-flask

L'optimitzacié del metode de shake-flask presenta dos aspectes principals. El primer
és el de proposar una o més d'una relacié de volums entre les dues fases que
participen en el procés de distribucio, relacié que a partir d’ara s"anomenara particio.
Posteriorment, caldra dissenyar procediments que permetin I'ls d’aquestes particions,
tenint en compte sempre els possibles problemes de caire experimental que puguin
anar sorgint. Cal aclarir que la determinacié dels compostos d’interes es fara, en

aquest treball, mitjangant la cromatografia de liquids (tant HPLC com UPLC).

3.3.1.1. Establiment de particions

Ates que la concentracid és la relacié entre la massa d’una espécie (m,) i el volum
del solvent en la que estigui continguda (V4), I'equacié (46) es converteix en I'equacio

(60) després d’una reorganitzacié dels termes:

m,

log =log D—Iog“i—w (60)

w o

m

on els subindexs o i w fan referéncia a la fase octanolica i a la fase aquosa
respectivament. Una bona mesura de la lipofilicitat es déna quan, aproximadament, hi
ha la mateixa quantitat de compost a les dues fases de la particid, si una de les dues
concentracions és molt baixa podria haver-hi problemes de deteccié i la quantificacio
podria comportar un error relatiu molt gran o inclus arribar a limits en els que el pic
cromatografic no s’observés. Si s’adpota aquesta condicié per realitzar les mesures
experimentals (de manera que la part esquerra de I'’equacidé (60) sigui propera a 0),
s’observa que la relacié entre els volums d’ambdds solvents no solament és important
sind que a més cal que sigui el més semblant possible al coeficient de distribucié D de
I"analit. Aixi doncs, per tal de garantir que el métode de shake-flask fos aplicable per a
substancies compreses en un interval ampli de log D, es van proposar una série de
particions on la relacié de volums cobris un interval ampli de lipofilicitat. Les particions

proposades es mostren a la Taula 6.
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Taula 6. Volums de la fase aquosa (V,,) i de la fase octanolica (V,) per a les particions

proposades
Partici6 V, (mL) V, (mL) log V,,/V,

a 0.05 5 -2

b 0.2 5 -14

c 0.5 5 -1

d 0.5 0.5

e 1 0.1 1

f 1 0.01

g 3 0.01 2.5

h 5 0.01 2.7

Aixi doncs, la lipofilicitat de les substancies hidrofiliques estara ben determinada
mitjangant particions on el logaritme decimal de la relacié de volums sigui negatiu
mentre que per a mesurar la lipofilicitat de les substancies hidrofobiques caldra
utilitzar particions on el logaritme de la relacié de volums sigui positiu. Cal recalcar
que, tot i que es podrien haver proposat particions amb una relacié de volums més
favorable a la fase aquosa per abarcar compostos amb lipofilicitat encara més elevada,
les particions es van cenyir a volums amb els quals resulta raonable treballar, és a dir,
gue es puguin mesurar, equilibrar i injectar correctament. La relacié entre la
lipofilicitat d’'un compost, la concentracié del compost que s’espera a cada fase i la
particié que es recomana utilitzar queda sintetitzada a la Figura 21. Per ultim, cal afegir
que, tenint en compte que en funcié de la lipofilicitat del compost es recomana
utilitzar una o altra particié, abans de dur a terme la mesura experimental de la
lipofilicitat del compost mitjancant el métode de shake-flask és necessari fer una
estimacio previa d’aquesta lipofilicitat. Aixi doncs, per a poder comprovar el métode
proposat els valors de log D4 es van buscar préviament a la base de dades BioLoom
[79]. Un cop es coneix el valor teoric de lipofilicitat, es fa la mesura utilitzant la particié
amb la relacié de volums que més s’hi acosta i, posteriorment, per tal de donar
robustesa als resultats, es realitza la determinacid utilitzant la particié immediatament

superior i la particié immediatament inferior a la recomanada.
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Figura 21. Particions recomanades en funcid de la lipofilicitat del compost

3.3.1.2. Desenvolupament de procediments

Tal i com s’ha comentat a la introduccid, la manera més correcta de determinar la
lipofilicitat d’'un compost pel metode de shake-flask és mesurant la concentracié
d’ambdues fases. Tanmateix, la injeccié d’un solvent de viscositat elevada com
I'octanol en HPLC pot comportar problemes ja que tendeix a quedar-se dins del
sistema cromatografic, fet que requereix la implementacié d’un sistema exhaustiu de
neteja, i fins i tot pot arribar a deteriorar la fase estacionaria de la columna. Per aquest
motiu, Valké va proposar I'equacid (50), una equacio que permet calcular la lipofilicitat
dels compostos només injectant la fase aquosa [151] mitjancant la resta entre la massa
de l'analit present en una solucié patré aquosa mesurada abans de dur a terme la
particid i la massa de I'analit en la fase aquosa injectada un cop la particié ha estat
realitzada. Si es tenen en compte els diferents volums d’injeccié que es poden fer
servir per a mesurar ambdues concentracions, I'equacio (50) es converteix en I'equacié

(61):
V...
log D=log ([ﬁwr —1]\/—"”} (61)
Aw vinj(st) Vo
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en la que A, i A, son les arees del pic cromatografic corresponents, respectivament, a
la solucio patré i a la fase aquosa, i sén proporcionals a la massa de compost injectada
d’acord amb el volum corresponent d’injeccio. Vinjw) i Vinjsy) SON els volums d’injeccio de
cada solucid, r és el factor de dilucié de la solucié patré (en cas que una dilucio sigui

necessaria) i V,, i V, son els volums de cada solvent presents en la particid.

Per poder aplicar aquesta equacié es va seguir un procediment experimental,
anomenat procediment 1 a l'article 5, consistent en diluir una petita quantitat de la
soluciéo 10 mM en DMSO de I'analit utilitzant la solucié amortidora de pH 7.4 (el factor
de dilucié pot variar, en aquest treball s’ha agafat una proporcié de 1:100). Aquesta
solucié és la que es considera com a solucid patrd i, per una banda serveix per
determinar el valor de Ai;. A més, el seu volum s’utilitza per realitzar les diferents
particions juntament amb la quantitat corresponent d’octanol. Tanmateix, es va
comprovar que certes particions no es poden dur a terme mitjancant aquest
procediment degut a I'aparicio de problemes de caire experimental (com per exemple
poden ser la precipitacié de I'analit o la impossibilitat d’injectar la fase aquosa degut al
seu poc volum en la particid), per la qual cosa es va fer necessari dissenyar i utilitzar
procediments alternatius per poder mesurar la lipofilicitat de substancies molt
hidrofiliqgues i de substancies molt lipofiliques (també conegudes com a

hidrofobiques).

A I’hora de tractar amb les substancies hidrofiliques, un dels problemes principals és
qgue, en algunes particions, no hi ha prou volum de fase aquosa com per poder fer la
mesura cromatografica (cas de les particions a i b), la qual cosa impossibilita la mesura
de la fase aquosa de la particié i, per tant, I"aplicacié de I'equacié (61). En aquest cas,
tot i que no és massa recomanable a nivell experimental, I'Unica alternativa viable seria
mesurar la concentracié de I'analit a la fase octanolica, sempre tenint en compte que
el detector tingui la suficient sensibilitat. Aquest procediment va rebre el nom de
procediment 2 i, si és el procediment que es segueix, I'expressié de calcul que s’haura

d’utilitzar és la seglient:

1
log D=log ————r (62)
At Vinito) _ Vo
Ay Vijisy Vi
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Per la seva banda, els compostos molt lipofilics no presenten problemes a I’hora de
determinar la lipofilicitat, especialment si es disposa d’un detector sensible, sind que
els presenten durant el procés experimental de preparacié de les particions. Les
substancies amb elevada lipofilicitat solen ser insolubles en solucions aquoses (com és
el cas de la solucié amortidora de pH 7.4) per la qual cosa, en fer la primera dilucio
amb la solucié amortidora, moltes d’elles precipiten. Per evitar aquest fenomen, es
van proposar dues alternatives diferents. La primera, anomenada procediment 3, va
consistir en fer la primera dilucio (des de la solucié 10 mM en DMSO) utilitzant octanol
en comptes de solucié amortidora aquosa, obtenint d’aquesta manera una solucié
patré en octanol amb I'analit totalment solubilitzat. Aquesta solucid patré es va fer
servir per realitzar les particions i, posteriorment, es va mesurar la concentracio en la
fase aquosa com en el procediment 1. L'expressio a aplicar per a la determinacio de la
lipofilicitat, en aquest cas, és la seglient:

Aso) Vinjw) o Vi
7

w vinj(st) o

log D=log (63)
L'altra alternativa, que va rebre el nom de procediment 1b, va consistir en fer la
primera dilucié en solucié amortidora pero fer la segona (la dilucié 1:r per a la mesura
de la concentracio del patré) en DMSO, per la qual cosa el precipitat de la solucié patré
es redissolia. Per altra banda, en les particions no existia precipitat ja que aquest es
redissolia en afegir la quantitat d’octanol corresponent. En aquest cas, com en el
procediment 1, I'equacié adequada per calcular la lipofilicitat del compost és I'equacié
(61), simplement cal tenir en compte que el factor r en aquest cas representa la dilucié

en DMSO.

Informacié més detallada sobre els quatre procediments diferents emprats en
aquest treball es pot trobar a I'article 5, tant explicats en el text com especialment en
la Figura 2, en la qual s’observa un diagrama de flux de tots els procediments que s’han

utilitzat en aquest estudi en funcid de la lipofilicitat dels diferents compostos.

Addicionalment a la proposta dels diferents procediments especifics per a cada
tipus de substancies, cal esmentar algunes consideracions generals. La primera fa
referencia a la preparacio de les dues fases amb les que després es realitzaran les

particions. Com s’ha dit a la introduccid, tot i que a priori sén solvents immiscibles i
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aixo és el que permet la formacié de dues fases i la posterior mesura de la lipofilicitat,
I'aigua i I'octanol no s6n completament immiscibles. Per aquest motiu, per assegurar
que els volums emprats per realitzar les particions sén exactament els que es
proposen, la solucié aquosa tamponada a pH 7.4 es va saturar amb octanol amb
anterioritat a la preparacié de les particions. Per la seva part, I'octanol que es va
utilitzar posteriorment per a realitzar les diferents particions també es va saturar amb
solucié amortidora de pH 7.4 per la mateixa raé. Per altra banda, també cal fer esment
del temps d’agitacid de les particions necessari per a que l'analit es distribueixi
correctament entre les dues fases. Per a diversos analits es va mesurar la lipofilicitat
utilitzant les mateixes particions després d’agitar els vials on estaven contingudes
durant 1 hora, 2 hores i 24 hores. Els resultats van ser molt semblants entre ells, per la
qgual cosa es va decidir que una hora d’agitacio era temps suficient perqué I'analit es

repartis correctament entre les dues fases.

3.3.2. Avaluacio de resultats

Per verificar la validesa del model, es va seleccionar un conjunt de 28 substancies
amb valors de log D, 4 obtinguts a partir de la base de dades BioLoom [79] compresos
en un interval entre -2 i 4.5. En un primer moment, les determinacions de lipofilicitat
es van fer emprant un instrument HPLC per a I'analisi. Posteriorment, procediments i
particions es van transferir a una empresa farmaceutica, que va realitzar mesures de
lipofilicitat de les mateixes substancies utilitzant un instrument UPLC per a la
quantificacié final. Per a més especificacions sobre la metodologia experimental i la
instrumentacié utilitzada, pot consultar-se la seccié corresponent de I'article 5. Els
resultats obtinguts per a ambdds instruments, juntament amb el valor teodric de log

D 4, es troben resumits a la taula 7.
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Taula 7. Determinacions del log D, , per al set de 28 substancies

.. log D;.4
Substancia
Tabulat Experimental (HPLC) ‘ Experimental (UPLC)

Atenolol -1.94 -1.81+£0.23 —
Acid salicilic -1.65+£0.59 -1.85+0.14 -1.43+£0.11
Acid benzoic -1.43 -1.27 £0.15 -1.27+£0.19
Metoprolol -0.15+0.24 -0.28 £ 0.10 -0.33+£0.06
Cafeina -0.07 -0.04 £ 0.12 -0.03+£0.01
Teofil-lina -0.02 -0.03 £0.09 -0.01+0.03
Procaina 0.23 0.28+0.17 0.29£0.05
Paracetamol 0.51 0.39+0.13 0.33+0.02
Warfarina 0.88 £ 0.28 0.83+£0.19 0.91 +0.05
Colquicina 1.30 1.09 £ 0.05 1.15+0.03
Acetanilida 1.16 1.19+£0.05 1.19+0.04
Propranolol 1.24 £0.15 1.23+£0.05 1.22 £0.06
Lidocaina 1.53+0.26 1.61+£0.26 1.70+0.19
Acetofenona 1.58 1.57+0.16 1.55+0.16

Hidrocortisona 1.61 1.58+0.12 —
Propiofenona 2.19 2.24+£0.16 1.98+0.19
Butirofenona 2.66 2.65+0.23 2.66+0.10
Haloperidol 2.92+0.34 2.77 £0.26 2.78 £0.09
Valerofenona — 3.40:0.14 3.22+0.12
Naftale 33 3.19+0.14 3.21+0.25
Timol 33 3.34+0.23 3.32+0.05
Ketoconazol 3.83 3.42+0.20 3.36+0.15
Reserpina 3.72 3.89+0.21 4.27 £0.18
Hexanofenona — 3.69+0.23 4.05+0.32
Fenotiazina 4.15 4.11+0.22 4.02+0.04
Heptanofenona — 4.41+0.27 4.52+£0.16
Antrace 4.45 4.49 +0.23 4.37+0.23

Fenantre 4.47 4.58 +0.09 —

Com es pot observar a la taula 8, els resultats obtinguts sén molt bons. Tal i com
s’esperava, ja que és la zona de lipofilicitat més estudiada i en la qual el procediment
experimental esta ben establert, les determinacions de substancies amb log D4
intermedi (aproximadament entre -0.5 i 3.5) han donat resultats forca propers als
valors tabulats que s’han agafat com a referencia. Tanmateix, els compostos amb log
D7 4 molt baix (substancies hidrofiliques) o molt alt (substancies hidrofobiques) també
han donat resultats raonablement acurats. Tant és aixi que, en el cas de les mesures en

HPLC, totes les substancies excepte una estan dins d’un interval de +0.3 unitats
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logaritmiques i només el ketoconazol supera aquest marge. De totes maneres, veient
que el valor obtingut en UPLC és molt més semblant al valor obtingut en HPLC que no
al valor tabulat, resulta licit pensar que els valors experimentals sén propers al valor
real de lipoficilitat del compost mentre que el valor de la base de dades no és prou
exacte. En el cas de les determinacions realitzades amb I'instrument UPLC, 23 de les 25
substancies analitzades també cauen dins de I'interval de £0.3 i només el préviament
esmentat ketoconazol i la reserpina s’escapen lleugerament d’aquest criteri
d’exactitud. Aixi doncs, es pot parlar d’'una combinacié de particions i procediments

forca exacta per a I'interval de lipofilicitat de treball.

Quant a precisid, la EPA considera que un criteri acceptable en el métode de shake-
flask és que la desviacio estandard no superi les 0.3 unitats logaritmiques [148]. Tot i
utilitzar un nombre considerable de particions en la determinacié de la lipofilicitat de
cada substancia, com a minim dues i fins a un maxim de cinc, la desviacié estandard de
les determinacions en HPLC esta sempre per sota d’aquest valor. En el cas de la
determinacié en UPLC, quasi totes les determinacions tenen desviacions estandard
compreses en l'interval de precisié acceptable (només les mesures de I’"hexanofenona
donen un valor lleugerament superior), per la qual cosa es pot dir que el metode és, a
més d’exacte, també forga precis. Més especificament, en els dos tipus de mesures
realitzats (especialment en UPLC) es pot veure com en la zona on idealment es fan
servir les particions d, e i f la precisid és forga alta, amb valors que en alguns casos sén
molt propers al 0, mentre que en zones de lipofilicitat més extrema els valors de
desviacid estandard sén, com a norma general, una mica més elevats. Aixi doncs, el
gue ens indiquen aquestes dades de precisio és que el métode és molt reproduible a
lipofilicitats intermedies pero que, per a compostos hidrofilics i compostos hidrofobics,
I'optimitzacié proposada al métode de shake-flask també funciona de forma
raonablement bona. Per a una informacié més exhaustiva sobre els procediments i les
particions utilitzades per a cada compost, aixi com els resultats especifics obtinguts per

a cadascuna d’elles, es pot consultar a la Taula 5 de I'article 5.

A més del que sén els propis resultats, d’aquesta taula cal remarcar alguns aspectes
addicionals. Primerament, cal dir que quan el valor de log D;4 de referencia és Unic és

degut a que és el recomanat per la base de dades BioLoom, mentre que quan té una
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desviacid estandard associada és perque s’ha fet la mitjana entre diversos valors de la
base de dades ja que cap d’ells ha estat designat com a referencia pels gestors de
BioLoom. A més, cal afegir que per a les caselles marcades amb una linia no es disposa
d’informacid, ja siguin valors teorics procedents de la base de dades o valors de

lipofilicitat de substancies que, amb I'instrument UPLC, no es van poder realitzar.

Addicionalment, els procediments 1 i 1b es van transferir a una empresa externa
que proporciona serveis de recerca a la industria farmacéutica (CEREP). Aquesta
empresa va comprovar la robustesa d’aquests procediments mesurant la lipofilicitat de
sis noves substancies amb valors teorics de log D;4 compresos entre 0.5 i 3.8. Els
resultats obtinguts es van comparar amb el valor mitja de diverses determinacions
fetes mitjancant UPLC (realitzades per tres analistes diferents) i es mostren a la Figura

22.
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Figura 22. Comparacié dels resultats obtinguts per UPLC amb els obtinguts a

I’empresa externa CEREP

164



3.3. Determinacio de la lipofilicitat mitjangant una versio optimitzada del métode de shake-flask

La Figura 22 ddna una correlacié forca bona entre els dos grups de valors. Tal i com
passava amb les determinacions descrites a la Taula 8, la zona de lipofilicitat
intermedia (valors de log D74 entre 0 i 2.5) déna uns resultats molt bons a nivell tant
d’exactitud, ja que els punts sén molt propers a la linia, com de precisid, ja que les
barres d’error practicament no s’aprecien. Per la seva part, en compostos de caire més
hidrofobic (valors de log D;4 superiors a 2.5) la precisié és clarament més baixa,
trobant-se al voltant de les 0.3 unitats logaritmiques que marca la EPA, pero I'exactitud
segueix sent forca acceptable tot i que també disminueix lleugerament. Aixi doncs, la
Figura 22 no solament mostra que aquests procediments funcionen sind que permet
afirmar que I'optimitzacié al métode de shake-flask proposada en aquest estudi pot
portar-se a terme de forma rutinaria en qualsevol laboratori, substituint aixi a les

costoses determinacions externes habituals en la industria farmaceutica.
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Conclusions

The work conducted throughout the thesis yielded the following conclusions:

1. The van Deemter equation is the main tool to evaluate the performance of
chromatographic columns and characterize their stationary phases. For a detailed
evaluation, the van Deemter equation can be split into its different terms and the
corresponding band broadening contributions can be determined in a stepwise and
separate way through calculations and experimental procedures (like the total pore
blocking or the peak parking methods). The Excel file provided in this thesis allows a
fast and systematic estimation of the different contributions to the chromatographic
band broadening, not only allowing the comparison between the magnitude of the
aforementioned contributions but also providing a useful tool able to efficiently

perform comparative tests between chromatographic columns.

2. Three different models to predict the retention of ionizable analytes in gradient
mode were developed and later tested. The so-called 2-parameter and 3-parameter
models gave very accurate results, while the predictions performed using the 1-
parameter model were only fairly good. Taking into account the relationship between
the accuracy of the predictions and experimental work to be done, the 2-parameter
model is the one that works best and, therefore, it is recommended above the other

two models tested.

3. In gradient mode, the pK;, of the analyte changes during the elution because its
value depends on the mobile phase composition. In order to estimate the pK, value at
every moment of the elution process, two different approaches have been tested. The
first one is based on experimental measurements and, although it is quite accurate,
obtaining all the isocratic retention data requires spending a great amount of time and
resources. The alternative approach, based on equations and empirical coefficients
that depend on the functional group of the analyte, allows the calculation of the pK;
evolution in a faster way without significantly losing accuracy. Therefore, the approach

based on equations is highly recommended.
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4. Although it was supposed to be a constant value, the experimental
measurements performed show that the f parameter (the relationship between the
retention factors of the ionized and neutral species of the analyte) changes slightly
with the mobile phase composition. Among the different ways of estimating the f
parameter that have been tested, the determination at low fractions of organic
modifier is recommended. When possible, 20% of organic solvent should be used but if
reasonable experimental retention times are exceeded at that composition, other

fractions such as 40% may be used.

5. The 2-parameter prediction model has been successfully used to predict the
retention of ionizable analytes under gradient elution. Besides being very accurate, the
model also has quite a lot of robustness as it has shown good accuracy regardless of
the size, pK; and functional group of the compounds tested, the organic modifier used
in the mobile phase (acetonitrile and methanol), the initial mobile phase pH value and

the gradient patterns used.

6. Three main sources of error can cause inaccuracies in a prediction of the
retention of an analyte: poor determination of its specific retention parameters, poor
estimation of its ionization degree and poor calculation of the ratio between its neutral
and ionized species (f parameter). None of them has affected greatly in the accuracy of
the predicting models, although some consideration has to be taken with the
calculation of the f parameter since its determination carries an unavoidable
experimental error. Determination of the specific retention parameters and estimation
of the ionization degree have worked quite well and possible inaccuracies in those two
areas have not translated into significant errors in the predictions. Therefore,
predictions of the retention of completely ionized compounds might be a little less
accurate than those from partially ionized and neutral analytes, since the f parameter
has an effect on the prediction of the retention when the ionization degree of the

analyte is high (close to 1).

7. The traditional shake-flask method has been optimized to assess the

lipophilicity of drugs taking into account the new needs of the pharmaceutical
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industry. Several phase volume ratios (partitions) have been proposed, as it has been
shown that compounds need different phase volume ratios depending on their
lipophilicity, and several procedures that allow the experimental execution of these
partitions have been suggested. The optimization has been successfully tested for two
different instruments, with good agreement between theoretical and experimental log
D;4 values and quite high precision between values obtained through different

partitions.
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