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Abstract

The retention mechanisms efpropylbenzoate, 4ert-butylphenol, and caffeine on the endcapped Symmetgya@id the non-endcapped
Resolve-Gg are compared. The adsorption isotherms were measured by frontal analysis (FA), using as the mobile phase mixtures of methanol ¢
acetonitrile and water of various compositions. The isotherm data were modeled and the adsorption energy distributions calculated. The surfac
heterogeneity increases faster with decreasing methanol concentration on the non-endcapped than on the endcapped adsorbent. For instance
methanol concentrations exceeding 30% (v/v), the adsorption of caffeine is accounted for by assuming three and two different types of adsorptio
sites on Resolve-fg and Symmetry-G, respectively. This is explained by the effect of the mobile phase composition on the structure of the
Cig-bonded layer. The bare surface of bonded silica appears more accessible to solute molecules at high water contents in the mobile phase. On
other hand, replacing methanol by a stronger organic modifier like acetonitrile dampens the differences between non-endcapped and endcapy
stationary phase and decreases the degree of surface heterogeneity of the adsorbent. For instance, at acetonitrile concentrations exceeding ~
the surface appears nearly homogeneous for the adsorption of caffeine.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction that significantly reduces the peak asymmetry of basic solutes
by limiting the possibilities of strong interactions between amine
Now, most routine analytical separations in the pharmaceuand silanol functions. Much work was done to demonstrate the
tical, biomedical, and environmental industries use reversedeffects of acidic silanol groups on the retention, peak shape, and
phase liquid chromatography (RPLC) as the most convenierdolumn selectivity of basic compounds under analytical condi-
technique. A large number of RPLC columns are commerciallftions[1-3]. Some models applicable in linear chromatography
available, exhibiting a large variety of physico-chemical properwere also derived to combine the contribution of the reversed-
ties, e.g., the length of their bonded ligand(Cg, C18,Cz0,...),  phase process and the contribution of the ion-exchange with
the ligand surface density, the chemical nature of the underlyingurface silanol group]. It was shown that experimental data
solid adsorbent (silica, crossed linked polymers, hybrid materimeasured on endcapped columns were consistent with a reten-
als,...), thesurface area of the material and its pore size distrition mechanism involving the interaction of a positively charged
bution. Another very important characteristic of RPLC columnsanalyte with ionized silanols located either amidst the network of
is whether the adsorbent surface is endcapped, e.g., whether p&iig chains (and so, not in direct contact with the mobile phase)
of the residual silanols that remain on the surface after complear on the free silica surface in contact with the mobile phase.
tion of the ligand bonding process has been eliminated by a step A different approach was used recently to determine the
of trimethylsilylation. Endcapping is a well known technique retention mechanism of a positively charged compound on
various silica-Gg stationary phases under various 5] and
supporting salt conditionf/—9]. This study was not limited
* Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667. to concentrations in the analytical range but encompassed the
E-mail address: guiochon@utk.edu (G. Guiochon). largest concentration range allowed by the analyte solubility in
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the mobile phase. This approach allows the determination of théhe BET models. For the first two compounds, we used the sim-
column loadability. It also gives insights on the degree of heterople addition of several Langmuir models: the resulting overall
geneity of the surface without requiring any model assumptionsadsorption models are called the Bi-, Tri- or Quadri-Langmuir
The acquisition of isotherm data by frontal analysis and the treaisotherm depending on whether the surface of the adsorbent is
ment of these data to derive the adsorption energy distributioassumed to be paved with two, three, or four different types of
(AED) confirmed the existence of two independent sites in thilomogeneous chemical domains which behave independently.
case. Approximately 99% of the surface was covered with lowThe corresponding models are the addition of two, three or four
adsorption energy sites, corresponding to the hydrophobic lighdependent local Langmuir isotherms. Thus, we obtain the Bi-
and, the remaining 1% were attributed to high adsorption energiyangmuir isotherm model:

sites that could be consistent with an ion-exchange mechanism. biC byC

In a separate study, the adsorption properties of a neutrgt* = gs1-———— + gs2——— 3)
and a mildly polar compound (phenol and caffeine) on a non- 1+6:C 1+62C
endcapped and an endcapped materials, Resalyard Xterra-  the Tri-Langmuir isotherm model:
Cis, respectively, were comparddO]. It was found that the biC boC baC
retention mechanism of phenol is exactly the same whether thg* = q&lli +gs2 24 gs.3 3 4)
column is endcapped or not. The presence of free silanol groups 1+0:C 1+b2C 1+bsC
did not influence significantly the adsorption of the neutraland the Quadri-Langmuir isotherm model:
compound phenol. However, we found for caffeine an additional
type of high-energy adsorption sites on Resolvg-@hile no  4* = Clsl£ +gs2 baC +4s3 b€
equivalent type of sites was found on the endcapped Xterga-C T1l+b1C T14b2C 1+b3C
suggesting thatthese new sites were due to different hydrophobic bsC
environment in the gg-layer structure of the Resolvergbut +qs*4W ®)

not to specific interactions with any silanol groups. This result h dels h h ; .
is not really surprising since these two compounds are neutral ese models have one, two, three, or four saturation capac-

and are almost not retained on the neat Resolve silica with th&€S: respectlveryS,'l, 9s2: 3, ANdgs4, that are related to the'
same mobile phase as used then (methanol/water, 70/30, V/V)surface area occupied by each one of the different types of sites

The generality of this initial result must be investigated byfound on the surface. The equilibrium constahisbz, b3, and

making similar measurements under different conditions, fop4 are associated with the adsorption energiasea 2, €as, and
example, with less polar compounds, using higher methandi24: through the following equatiof 7]:

concentrations. It is well known that the mobile phase comy, — pgelcai)/RT (6)
position plays a large role on the structure of thg-Bonded

layer and that some differences in this structure may be encouttheree,; is the energy of adsorptioR, the universal ideal gas
tered between non-endcapped and endcapped adsorbents. TR@stant,T the absolute temperature ahgl is a preexponen-
goal of this work consists in investigating the possible effect oftial factor that could be derived from the molecular partition
the presence or absence of column end-capping on the isothefnctions in both the bulk and the adsorbed phasgss often

parameters. considered independent of the adsorption eneggy17]. The
adsorption energy distribution (AED) functiorn(e), of the Bi-
2. Theory Langmuir, Tri-Langmuir and Quadri-Langmuir are the sums of

two, three or four Dirac functions, respectively.

The adsorption isotherm data were acquired by frontal anal- On the other hand, the BET isotherm model accounts well
ysis. Details on this method are given elsewHére-14] The  for the adsorption of the alkylbenzoates, as reported elsewhere
determination of the adsorption energy distribution (relation{18-21] This isotherm model is:
ship between the number of sites and their adsorption energy) beC

: N . 5

was made by the expectation—maximization method, describegl’ = gs

, : (1-b.C)2— bLC + bsC)
previously[15,16] The local isotherm assumed for homoge-
neous sites was either the Langmuir isotherm (for convex upwheregs is the monolayer saturation capacity of the adsorbent,
ward isotherm) or the Brunauer—Emmet—Teller (BET) isothernbs the equilibrium constant for surface adsorption—desorption
(for S-shaped isothernj17]. The modeling of the overloaded over the free surface of the adsorbent &pds the equilibrium
band profiles was performed by using the equilibrium-dispersiveonstant for surface adsorption—desorption over a layer of adsor-
model of chromatography. Details of this model were given inbate molecules. This model accounts for local adsorgfi@h
earlier publication$11,10]

(4)

3. Experimental
2.1. Models of isotherm
3.1. Chemicals
The adsorption isotherm models used to account for the
data obtained for caffeine, #+¢-butylphenol and propylben- The mobile phases used in this work were mixtures of
zoate were built using two simple models, the Langmuir andnethanol and water (30:70, 60:40, 65:35, v/v) or acetonitrile
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Table 1 1 mL/min during 50 min, from each pump head, successively,

Physico-chemical properties of thegbonded packed Xterra column (150 mm jnto a volumetric glass of 50 mL. The relative error was less

x 3.9 mm) than 0.4%, so that we can estimate the long-term accuracy of

Column Resolve-g Symmetry-Gs  the flow-rate at 4.L/min at flow rates around 1 mL/min. All

Particle shape Spherical Spherical the measurements were carried out at a constant temperature of

Ea”'c'? Z‘fg)'@m) go 26 23°C, fixed by the laboratory air-conditioner. The daily varia-
ore siz . .

Pore volumé (mL/g) 0.50 0.90 tion of the ambient temperature never exceetiédC.

Surface area(m?/g) 200 346

Total carbon (%) 10.2 19.6 3.4. Measurements of the adsorption isotherms by FA

Surface coveraggymol/n?) 2.45 3.18

Endcapping No Yes The maximum concentration of caffeine used in the FA runs
# Data for the packings before derivatization. in the methanol:water (30/70, v/v) and acetonitrile:water (20/80,

and water (20:80), all HPLC grade, purchased from Fisher Sci\_//v) mixtures were fixed at 25 and 40 g/L, respectively. Those

entific (Fair Lawn, NJ, USA). The solvents used to prepare thé’f 4-te_rt-butylphenol an_d propylbenzoate_ were 30 and 159/L
mobile phase were filtered before use on an SFCA filter mem" their respective mobile phase composition (methanol:water,
brane, 0.2um pore size (Suwannee, GA, USA). Thiourea Was60/40 and 65/35 (v/v), respectively). Two master solutions were
chosen to measure the column hold-up volume. Thiourea, Aprepared (allowing the acquisition of a total of 31 data points,

tert-butylphenol, propylbenzoate and caffeine were all obtained®® procedure below), at 10 and 100% of the maximum concen-

from Aldrich (Milwaukee, W, USA). tration for the measurement of the adsorptlon data of caffeine in
order accurately to measure the adsorption data from the lowest
32 Columns concentrations (where the isotherm is linear) to the maximum

concentration (large enough to approach the column saturation

Two columns were used in this study, packed with the endg:apacny). Only one master solution was necessary for the ad-

capped Symmetry-G and the non-endcapped ResolvesC sorption measurement oftdrt-butylphenol (18 data points) and

They had been given by the manufacturer (Waters Cor Oratiorﬁ),ropylbenzoate (17 data points). .
Milfgrd, MA, USgA). Botz columns have the(same size 1p50 mm One pump (A) of the HP.LC instrument was used to deliver
x 3.9mm. The main characteristics of the bare porous silic stream of the pure mobile phase, the second pump (B and

o . )
and of the packing material used are summarizedable 1 for the 100 and the 10% solution, respectively), a stream of

The hold-up times of these columns were derived from the rethe sample solution. The concentration of the sample in the FA

tention time of two consecutive thioureainjections and the corre§tream 1S determined by the concer_1trat|on Qf the mother sam-
ée solution and the flow rate fractions delivered by the two

sponding porosities measured as a function of the mobile pha}

P gp P pumps. All the breakthrough curves were recorded at a flow
composition are showed ifable 2 I " .

rate of 1 mL mirm -+, with a sufficiently long time delay between
each breakthrough curve to allow for the complete reequilibra-

tion of the column with the pure mobile phase. The injection

The isotherm data were acquired using a HewIett-Packaere of the sample was fixed at 5 min for all FA steps in order

(Palo Alto, CA, USA) HP 1090 liquid chromatograph. This 0 reach a stable plateau Qt the column outlet. To avoid record-
) . : . ing any UV-absorbance signal larger than 2500 mAU and the
instrument includes a multi-solvent delivery system (tank vol-

umes, 1L each), an auto-sampler with a a&0sample loop, a lose accuracy for the corresponding signal noise at the highest

diode-array UV-detector, a column thermostat and adatastat|oﬁ?ncemraﬂonS while, in the same time, keeping a _Iarge enough
. . . signal for the lowest concentrations, the detector signal was de-
Compressed nitrogen and helium bottles (National Welders, . )
. ected at 297 nm (10% solution) and 305 nm (100% solution)
Charlotte, NC, USA) are connected to the instrument to al; . .
: . for caffeine. A single UV wavelength was used to record the
low the continuous operations of the pump, the auto-sample

and the solvent sparging. The extra-column volumes are 0.0 eakthrough curves aéri-butylphenol and propylbenzoate at

95 and 293 nm, respectively. In each case, the detector response
and 0.90 mL as measured from the auto-sampler and from the . . .

) . . was calibrated accordingly by using the UV absorbance at the
pump system, respectively, to the column inlet. All the retention

data were corrected for this contribution. The flow-rate accuracﬁ) lateau observed on the breakthrough curves.
was controlled by pumping the pure mobile phase at3and

3.3. Apparatus

4. Results and discussion

Table 2

Total column porosities of the Resolvggland Symmetry-gs columns as a ~ 4.1. Adsorption of propylbenzoate on Resolve-C1g and

function of the mobile phase used Symmetry-C18 (MeOH/H20, 65/35, v/v)

Mobile phases Resolveig Symmetry-Ggs

MeOH/H,O, 65/35 (vIV) 0.5998 0.5849 The amount of propylbenzoate adsorbed per unit volume of
MeOH/H,0, 60/40 (v/v) 0.6014 0.5790 each adsorbent is plotted versus the mobile phase concentration
MeOH/H,0, 30/70 (v/v) 0.6240 0.5921 in Fig. 1L A non-conventional S-shaped isotherm is observed,
ACN/H,0, 20/80 (v/v) 0.6155 0.5759

thatis initially convex upward atlow concentrations, experiences
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Fig. 1. (Top) Adsorption isotherm data of propylbenzoate on Resofgésthall full circles) and Symmetryg (large empty circles). Mobile phase methanol/water
(65/35, viv),T = 296 K. (Bottom) Experimental overloaded band profiles recorded at low (injection of a 1.5 g/L solution during 60 s) and high (injection of a 13.5 g/L
solution during 90 s) column loadings.

Table 3
Comparison between the best isotherm parameters determined by the fitting of the frontal analysis data on the non-endcappeg; Radaive-éndcapped
Symmetry-Gg columns

Solute

Propylbenzoate 4-tert-Butylphenol Caffeine

MeOH (65)/H0 (35} MeOH (60)/H0O (40) MeOH (30)/H:0 (707 ACN (20)/H,0 (80F

BETP Bi-Langmuif® Quadri-Langmuf? Tri-Langmui®  Bi-LangmuiP

Resolvé Symmetry Resolvé Symmetry Resolvé Symmetry Resolvé Symmetry

Isotherm parameters

gqs = 987, gs = 1003, qs1= 1577, gs1= 1289, gs1=1493,b1 = 0.014 qs1= 1475, gs1= 1130, gs1= 171,
bs = 0.0804, bs = 0.0798, by = 0.0058 by = 0.0443 by = 0.0136 b1 =0.0122 by = 0.0124
b. = 0.0236 b =0.0234
qs2 = 927, gs2 = 230, gs2 = 17.7,b, = 0.136 gs2 = 6.3, gs2 = 0.40, gs2 =0.17,
b, = 0.059 by =0.192 by, =0.172 by = 0.690 by = 0.592
gsz3=12,b3=13 gs3 = 0.004,
b3 = 1042

gsa=0.02,by = 622
The saturation capacities and the equilibrium constants are expressed in g/L and L/g, respectively.

@ Mobile phase.
b |sotherm model.
¢ Column.
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an inflection point and becomes convex downward at high consums of the external and the internal pore volumes are very close
centrations. The BET isotherm model was found to be best t¢1.089 and 1.062 mL for the Resolvagand the Symmetry-{g

account for these adsorption data. The inflection point is locatedolumns, respectively). So, the column hold-up volume of the
at about the same concentration on both columns. The agreBesolve-Gg column is higher than that of the SymmetrysC
ment (not shown) between the experimental and the calculatezblumn although the Resolvergpacking material has a much
band profiles is excellent in both cases, similar to the one showiower pore volume (0.5mL/g versus 0.9 mL/g), although they
previously[18—21] Thus, the adsorption of propylbenzoate onhave the same mesopore diameter, about.9Bince the exter-
Symmetry-Gg and on Resolve-{g seems to be independent nal porosities of different columns are very close, this means that
of the detailed chemistry of the adsorbent surface, at least in the low bonding density of Resolvergand its higher number

mobile phase relatively rich in methanol.

of free surface silanols (which lead to a better wettability of the

The really surprising observation is that the two isotherms arsurface by the polar mobile phase) combine to allow the pene-
nearly overlaid although the specific surface areas (2§ m tration of an equivalent volume of mobile phase inside the pores

versus 3461fg) and the bonding density (2.45fg ver-
sus 3.1&mollmz) are much lower on Resolveigthan on

of the particles. The accessible hydrophobic surface area after
bonding would then be the same for both adsorbents, explain-

Symmetry-Gg. However, the column hold-up volumes and theing why the isotherm parameters measured are almost idendical
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Fig. 2. (Left) Calculated AEDs of propylbenzoate on Symmetiy-énd Resolve-¢gg by the EM method. A local BET isotherm model was assumed in the
calculations, with three differei. parameters (0.0135, 0.0235 and 0.0335 L/g). (Right) Comparison between the experimental isotherm data (small full circles)
and the calculated isotherm data derived fronm the AEDs (large empty circles).
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(seeTable 3. In addition, the favourable solvation of thgdC calculated by integration of the distribution function over the en-
chains by a mobile phase rich in the organic modifier (60% inergy range (open symbols). Fqrealues larger than 0.0235 L/g,
volume) certainly smooths out the effect of small differences inthe agreement is poor and the corresponding AED must be re-
the bonding density so that the adsorption constayisdasured  jected. For b values lower than 0.0235 L/g, the AED does not
are very close. converge after 1 million iterations toward a smoothed and well
The AED of propylbenzoate was calculated directly from thedefined energy distribution and the result is poorly consistent
FA adsorption data on both columii%,16] Because the experi- with the overall isotherm. The unimodal energy distribution ob-
mental overall isotherm is not a simple convex upward isothermtained with p = 0.0235 L/g is consistent with the isotherm re-
it would be inconsistent to use a Langmuir model for the localsults, with a single energy mode, centered around 0.0788 and
isotherm and the numerical calculation would fail. The local0.0803 L/g, for the Resolve4g and the Symmetry-{g adsor-
BET isotherm model was used instead. However, this moddbents, respectively, values that are in agreement with the FA re-
contains two independent equilibrium constants(the equi-  gression parameters. Note that the two distributions are almost
librium constant between the surface and the firstadsorbed layeigentical.
and h (the equilibrium constant between successive layers of In conclusion, the end-capping of the stationary phase seems
adsorbate). In order to estimate the distribution of the saturatioto have little or no effect on the adsorption behavior of propy-
capacities, g; versus lg;, an assumption must be made for the Ibenzoate in RPLC when an aqueous mobile phase rich in
value of lj . Calculations were made with three different values,methanol is used. The two columns exhibit nearly the same
b, = 0.0235 L/g (close from the best value found by the regreshold-up volume, the same saturation capacities and very similar
sion analysis of the isotherm data), a smaller=h0.0135L/g,  equilibrium constants. The details of the surface chemistry are
and a larger, 0.0335L/g, value. The three sets of results amertainly hidden to the probe used and the formation of the mul-
compared irFig. 2which compares also the isotherms derivedtilayer system characteristic of the BET isotherm model takes
directly from the experimental data (solid symbols) and thoseplace similarly in the mesopores of the two silica bonded mate-
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Fig. 3. (Top) Adsorption isotherm data otdr-butylphenol on Resolve-g(small full circles) and Symmetry-g (large empty circles). Mobile phase methanol/water
(60/30, v/Iv),T = 296 K. (Bottom) Experimental overloaded band profiles eé4-butylphenol recorded at low (injection of a 3 g/L solution during 60 s) and high
(injection of a 27 g/L solution during 90 s) column loadings. Note the larger retention on Symmgtwhile there is hardly any difference Fig. 1
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rials used (which have the same average mesopore diametere{perimental Scatchard plots, shownFiy. 4, are not strictly

about 90&). linear which means that the simple Langmuir isotherm model
cannot exactly account for these adsorption data. This point was

4.2. Adsorption of 4-tert-butylphenol on Resolve-C1g and confirmed by the results of the calculation of the AEDSs, also

Symmetry-C1g (MeOH/H»0, 60/40, v/v) shown inFig. 4. The two distributions are clearly bimodal. Ac-

cordingly, a bi-Langmuir isotherm model describes better the

We chose 4ert-butylphenol for its sufficient retention factor adsorption of &ert-butylphenol on the two adsorbents. The best
and because phenols, being more polar than alkylbenzoates, goarameters derived from the nonlinear regression are given in
hibit adsorption isotherms on RPLC stationary phases that argable 3 The two equilibrium constant${ andb;) are much
strictly convex upwardl8]. It has already been shown that the larger on Symmetry-¢3 than on Resolve-{g (nine and three
adsorption of phenol derivatives takes place only as a monolaydimes, respectively). On the other hand, the saturation capac-
The mobile phase used with#dr-butylphenol had a slightly ities are larger on Resolves§; particularly that of the high-
higher water concentration than the one used with propylberenergy sites. This latter represents 37% of the total saturation
zoate (40% instead of 35% water, v/v). It was also shown ircapacity of the non-endcapped adsorbent but only 15% of that
some previous reports that, with a mobile phase of very simiof the endcapped adsorbent. These values of the isotherm pa-
lar composition (38% water in volume), the isotherm is closerameters illustrate the higher degree of surface heterogeneity
to a simple Langmuir isotherm (i.e., it has a unimodal energyf the non-endcapped material regarding the adsorption of 4-
distribution and a quasi-linear Scatchard p[@8]. tert-butylphenol Fig. 5compares the band profiles obtained for

The adsorption data measured by FA on the two adsord-tert-butylphenol at moderate and high loading factors on the
bents studied here are shown Riig. 3. Although these two two columns. The agreement observed confirms the validity of
isotherms are quite similar, it is clear that the adsorption of 4the isotherm model.
tert-butylphenol is stronger on the endcapped Symmetiy-C ~ Despite the similar content of methanol in the mobile phase
column than on the non-endcapped Resolyglumn. The used for the measurements of their adsorption data (60%, v/v,

o O Symmetry-Cg

Resolve-C ¢

q" [g/L]

201

54 105 iterations 108 iterations

iterati 8 iterations 107 iterations
105 iterations 108 iterations 4

104 10° iterations

108 iterations SYMMETRY-C
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RESOLVE-C
107 iterations

pyi
e . T

Ln b; Ln b;

Fig. 4. (Top) Scatchard representation (plogyff vs. g) of the adsorption data of 4+r-butylphenol on the Symmetrysgand Resolve-g; adsorbents. Note that
the plots are not straight lines suggesting a heterogeneous surface. (Bottom) Calculated AEDsmit§tphenol on Symmetry-fg and Resolve-g by the EM
method. A local Langmuir isotherm model was assumed in the calculations. Note a bimodal distribution in both cases.
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Fig. 5. Comparison between experimental and calculated (using the ED model of chromatography and the best Bi-Langmuir isotherm) overloadisstednd pro
4-tert-butylphenol recorded at low (injection of a 3 g/L solution during 60 s) and high (injection of a 27 g/L solution during 90 s) column loadings.

for 4-tert-butylphenol versus 65% for propylbenzoate), the ad-nol for the silanol group are comparable. However, previous
sorption behavior of these two compounds is clearly differentexperiment$10] showed that phenol does not interact with the
However, for either one the behavior is very close on the endsilanol groups of the non-endcapped Resolyg:@ence, nei-
capped and the non-endcapped adsorbents. The reason for ther does propylbenzoate. In contrast to propylbenzoate4-
difference in adsorption behavior of the two compounds is thabutylphenol forms an adsorbed monolayer and is more sensitive
the molecules of propylbenzoate tend to associate around the the local structure of the stationary phase (its heterogene-
alkyl ligands bound to silica and do not probe the very de-ty, chain density, etc.). Its saturation capacities are much larger
tails of the adsorbent surface. Their adsorption is likely to bg1660 and 1010 mmol/L on Resolve and Symmetry, respec-
mostly controlled by the thermodynamics in the liquid phasetively) than those measured for propylbenzoate (610 mmol/L
e.g., by the mobile phase composition. As expected from thenly on either adsorbent). The alternative interpretation sug-
higher bonding density and the higher hydrophobicity of thg C  gested above is inconsistent with these facts.
bonded surface of Symmetry:§; 4-tert-butylphenol is more
retained on this adsorbent although it has relatively fewer high4.3. Adsorption of caffeine on Resolve-C1g and
energy sites than ResolverdZ The endcapping limits the de- Symmetry-C1g (MeOH/H20, 30/70, v/v)
gree of surface heterogeneity which arises from the coexistence
of patches of high density of 4 alkyl chains and patches of Caffeine being quite soluble in the mobile phase, the
low chain density, where the density of unreacted silanols isnethanol concentration in the mobile phase had to be consider-
higher. ably decreased, from 60 to 30%, in order to achieve the sufficient
The difference between the adsorption behaviors of propylretention that is required in order to make accurate measure-
benzoate and 4rt-butylphenol could be due to the difference ments. We know, however, that the conformation of the bonded
between the molecular interactions of the silanol groups an€;g alkyl chains is affected by mobile phase composition. The
the ester or the hydroxyl group. The hydrogen bond basicity ofolvation strength of the mobile phase decreases with increas-
propylbenzoate (e.g., its propensity to bond to the hydrogen dhg water content. The chains tend to collapse, which increases
a hydroxyl group) is different from zef{@3]. The solute hydro- the pore volume, a result consistent with the larger total column
gen bond basicity descriptQr, ﬁg' of diethyl phthalate is 0.88 porosity measured with this new mobile phase (Edge 9. We
(thus, that of propylbenzoate is 0.44) and that of 4-ethylphendhave observed previous[{0] that the surface of Resolverg
is 0.36. Accordingly, the affinities of propylbenzoate and phe4is much more heterogeneous than that of endcapped Symmetry-
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Cis. We identified four types of adsorption sites having a differ-  In a previous study{10], the heterogeneity of Resolve-
ent adsorption behavior toward caffeine on the non-endcappe@is toward the adsorption of caffeine from a 25:75 (v/v)
material but only two different types of sites on the endcappednethanol:water solution was characterized by a four modes
column. These three high-energy types of sites on Resolye-CAED. The AEDs obtained in this similar case (30:70
(and the high-energy sites on Symmetry) were attributed to asmethanol:water solution) are shownhig. 7. These AEDs are
many types of hydrophobic cages embedded within the C quadrimodal on Resolvesg and trimodal on Symmetry-g.
bonded layer, none to any strong polar interactions. The smaller the saturation capacities, the higher the associated
The caffeine adsorption data measured by FA on the twequilibrium constant, which means that the different types of
adsorbents are shown Kig. 6. The isotherms are convex up- sites have individual contributions to the retention factor (i.e., the
ward on both columns. Surprisingly, the amount adsorbed oproduct;gs ;) thatare all comparable (s&éable 3. More specif-
the stationary phase at a given mobile phase concentration iically, the saturation capacity of the highest energy mode is very
now higher on Resolve-gthan on Symmetry-¢3, in contrast  small on both adsorbents (about 0.02 and 0.004 g/L) and repre-
to what was observed for ##¢-butylphenol (se€ig. 3). Sucha  sents only 0.01 and 0.003% of the total saturation capacities. For
reversal of the adsorption behavior is related in part to the conséhis reason, it is difficult to give a clear physical interpretation
guences on the conformation of the bonded ligands of the changé the nature of these sites. It is possible that the high-energy
of the mobile phase composition (i.e., the large decrease of thmodes are due to some numerical artefacts generated by the EM
methanol content). The relative position of the two band profileprogram. However, other adsorption studies on non-endcapped
in Fig. 6 confirms this point. The retention of caffeine at mod- materials have demonstrated the physical reality of the fourth
erate loading factor (left graph) is higher on Resolvg-than  type of adsorption sitg24]. We note that the low-energy modes
on Symmetry-Gg because the high-energy sites are stronger bubn the two adsorbents have the same adsorption constant, hence
the bands are very close at high loadings because the behaviensist correspond to the same interaction, probably that with
of the low-energy sites on both adsorbents are quite similar (seslvated alkyl chains. The differences between the columns are

Table 3. explained by the different properties of the high-energy sites
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Fig. 7. Calculated AEDs of caffeine on Resolvgg@nd Symmetry-¢g by the EM method. A local Langmuir isotherm model was assumed in the calculations.
Methanol:water mobile phase (30/70, v/v). Note the multi-modal distributions (three and four modes) showing that the surface heterogenwith isdtigihrich
mobile phases.

which certainly correspond to large hydrophobic cages within The adsorption isotherm data acquired on the two columns
the Gg-bonded layerig. 8shows the very good agreement be- are shown inFig. 9. The results are qualitatively similar to
tween the experimental and the calculated band profiles derivettiose observed with methandtig. 6) but, for a given mo-
from the ED model, using the quadri- (on Resolve) and the tribile phase concentration, the amount of caffeine adsorbed at
(on Symmetry) Langmuir isotherm models (parametefi@inle  equilibrium is smaller, about four-fold, in spite of the large
3). The higher degree of surface heterogeneity of Resolge-C decrease in the concentration of organic modifier in the mo-
is certainly related to the absence of endcapping of this silichile phase. The AEDs are shown kig. 10 They are obvi-
surface. It is enhanced by the low methanol concentration in theusly bimodal (in agreement with the curved Scatchard plot
mobile phase. The “endcapping free” spaces become availab#own inFig. 9) and the isotherms on both adsorbents are
sites for the adsorption of caffeine molecules but they probablyow Bi-Langmuir. The best coefficients of the Bi-Langmuir
become hidden at high methanol concentrations when {ge Cisotherms are given iffable 3 The saturation capacities are

alkyl chains unfold and their layer swells. close tothose measured for propylbenzoate with a 65% methanol
concentration in the mobile phase (around 100 g/L). They are

4.4. Adsorption of caffeine on Resolve-C1g and significantly lower than those found at low methanol concen-

Symmetry-C18 (ACN/H20, 20/80, v/v) trations gs > 150g/L, Table 3. In contrast with the result

obtained with methanol, the concentration of the high-energy

Finally, we compared the adsorption behavior of caffeine orsites is rather small, less than 0.4% of the total monolayer
the endcapped Symmetry£and the nonendcapped Resolve- capacity.
Ci1g adsorbents when acetonitrile is used as the organic modifier Note that the adsorption isotherm of caffeine would proba-
of the mobile phase instead of methanol. Acetonitrile is known tdly not follow strictly a convex upward isotherm model (e.g.,
be the stronger organic modifier. The substitution of the former Bi-Langmuir isotherm model) if the largest concentration of
to the latter leads to an important decrease of the retention. Tweaffeine applied was increased from 40 to 80 g/L. Thus, the ad-
reasons are commonly advanced to explain this observation. (§prption isotherm of caffeine on Discovery«3s best described
The solubility of the analytes increases, hence their retentiohy a Langmuir-BET model, because adsorbate-adsorbate inter-
decreases in RPLC; and (2) acetonitrile adsorbs on the adsorbetions take place at high concentrations in the thick layer of
(the retention factor of acetonitrile in pure water is much largeracetonitrile adsorbed at the interface between the bulk mobile
than unity) and it compete with the analyte for the adsorption. phase and the bonded chajas].
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In other words, despite a retention comparable to tha®. Similar observations were made for the shape of the break-
observed with 30% methanol in the mobile phase, the presendbrough curved25]. On either adsorbent, high concentration
of 20% acetonitrile in the mobile phase drastically reduces th&ands always exhibit a shoulder on their desorption front. The
surface heterogeneity of both Resolvgg@nd Symmetry-gs. origin of this phenomenon is probably related to the different
These adsorbents now behave almost as if they had homogeesorption rates, one fast at the interface between the bulk lig-
neous surfaces. We can explain this result by the highest affinityid phase and the adsorbed layer of pure acetonitrile, and one
of acetonitrile for the @g-bonded chaims. It has long been slow at the interface between the bonded phase and the acetoni-
known that acetonitrile adsorbs more strongly ojg-Bonded  trile multilayer phase.
phases than methan{#6,27] The adsorption of acetonitrile
from water was considered as the formation of a multilayers. Conclusion
adsorbed phase that covers and solvates the apolar surface of
the adsorbent, while methanol forms simply a monolayer. The Our results demonstrate that there are some moderate
acetonitrile adsorbed layer (which may count up to four ofdifferences between the adsorption isotherm behavior of
five molecular layers, stacked on top of each other) shieldsmall-molecule compounds on a non-endcapped adsorbent
the structure heterogeneity of thejgbonded layer. The (Resolve-Gg) and on an endcapped one (Symmetrg)C
retention mechanism of the solute could then be described &he endcapping is currently applied to prevent excessive peak
the superimposition of two processgb]. (1) The analyte tailing of basic compounds due to their interactions with the
partitions between the liquid phase (acetonitrile:water mixturepcidic unreacted silanol groups. Compounds that are not basic
and the multilayer adsorbed phase (quasi pure acetonitrile); arat are poorly so (e.g., propylbenzoatezeds=butylphenol, and
(2) the analyte adsorbs from the pure acetonitrile layer againgtaffeine) are not expected to experience a great change in
the surface of the bonded phase. This second process coutteir adsorption behavior. Our results show that the mobile
explain why the retention of caffeine is so weak compared tgphase composition (i.e., the nature and the concentration
that of phenol, the distribution coefficient between adsorptiorof the organic modifier) plays a crucial role to distinguish
and solution in the pure acetonitrile is small. between the adsorption behavior on a non-endcapped and an

The differences in the retention mechanisms from methanatndcapped adsorbent. At high organic modifier concentrations,
and acetonitrile solutions are illustrated by the unusual shape dfie Gg-bonded alkyl chains are more solvated and no or few
the desorption front of high concentration bands showfign  differences are observed. The endcapping process does not re-
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