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Abstract

The retention behavior on silica gels bonded tpahd G alkyl ligands of different densities was studied in reversed-phase liquid chromatography
(RPLC) from the viewpoints of two extrathermodynamic relationships, enthalpy—entropy compensation (EEC) and linear free energy relationshir
(LFER). First, the four tests proposed by Krug et al. were applied to the values of the retention equilibrium cok¥taatmélized by the
alkyl ligand density. These tests showed that a real EEC of the retention equilibrium originates from substantial physico-chemical effects. Seconc
we derived a new model based on the EEC to explain the LFER between the retention equilibria under different RPLC conditions. The new
model indicates how the slope and intercept of the LFER are correlated to the compensation temperatures derived from the EEC analyses and
several parameters characterizing the molecular contributions to the changes in enthalpy and entropy. Finally, we Kalodletedrious RPLC
conditions from only one original experimentlldatum by assuming that the contributions of thg &hd G ligands toK are additive and that
their contributions are proportional to the density of each ligand. The estirkatatlies are in agreement with the corresponding experimental
data, demonstrating that our model is useful to explain the variatiokisiak to changes in the RPLC conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lations have been observed between the retention facjar(d
the alkyl ligand density at low density conditions. It was reported
Octadecylsilyl (Gg)-bonded silica gels are the most popular that, although’ initially increases with increasing density of the
type of packing materials for RPL(L,2]. Their chromato- alkyl ligands, it tends toward a constant level at high ligand den-
graphic behavior depends on the modification conditions of thgities[4—6]. Limit values of«’ were observed for small sample
Cigand G ligands bonded to the base silica gels, for instance omompounds at high ligand densitig§. However, the correla-
the density and type (monomeric or polymeric) ggigands, tions betweenr’ and the alkyl ligand density become more nearly
and on the end-capping treatment with k§ands for residual linear with increasing molecular size of the sample compounds
silanol groups. In some cases, the modification conditiong®f C or with decreasing length of the alkyl chdi5]. The value of
and G ligands are made intentionally in order to attain specifick’ does not begin to plateau when the sample molecules are large
separations. enough{4]. The influence of the alkyl ligand density on the sep-
The influence of the alkyl ligand density on the chromato-aration factor ¢sep was also studief?,8]. It was reported that
graphic behavior has been studied from the viewpoint of thehe values ofrsepfor a methylene or a phenyl unit are linearly
retention equilibriunf3—8]. In some paperfl—6], linear corre-  correlated with the surface coverage ag@igands, although the
increment inksepfor one methylene group is relatively smid].
Theretention equilibriumin RPLC has also been studied from
* Corresponding author. Tel.: +1 8659740733; fax: +1 8659742667. the thermodynamic and the extrathermodynamic points of view.
E-mail address: guiochon@ion.chem.utk.edu (G. Guiochon). The temperature dependencecbivas analyzed using the van't
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Hoff equation to derive the changes in the enthalgy?{ and  density of alkyl ligands, on retention equilibria, notably from
entropy AS) associated with the adsorption of sample moleculeshe thermodynamic and extrathermodynamic viewpoints.
from the mobile phase onto the stationary phase. Analyses of This paper is concerned with the retention behavior of sev-
retention equilibrium data are supported by a solid theoreticatral G s-bonded silica gels the surface of which is modified with
basis, i.e., the thermodynamics of phase equilibria. Extrathermdz,g and G ligands at different densities. First, it was attempted
dynamic correlations between thermodynamic parameters hate explain the experimental retention data of sample molecules
also been studied to discuss retention and separation mechaa the Gg ligands on the basis of the solvophobic theory. We
nisms in RPLC. For instance, mechanistic similarities of theassumed independently parallel contributions of thgabd G
retention behavior in RPLC were discussed on the basis of thiggands on the retention equilibrium. Then, we introduced a new
enthalpy—entropy compensation (EEC) betweeii and AS. coefficientx, the equilibrium constark normalized by the alkyl
Numerous publications have demonstrated an EEC on expédigand density §), because the densities of both thg@nd the
imental data/9—20] and supported the possibility of an EEC C; ligands is changed in this study. We tried to demonstrate the
on theoretical basd21-25] Compensation temperaturég)  presence of atrue EEC relationship for the retention equilibrium
between ca. 500 and 1000 K have been reported for retentidn RPLC by analyzing the temperature dependenee afcord-
equilibria under different RPLC conditions, different mobile ing to the four methods proposed by Krug e{2alL—23] Finally,
phase solvents, sample compounds, and temperature ranges derived a new model to account for the influence of several
[10,11,15,17-20]The existence of an EEC suggests that theexperimental parameters on the retention behavior in RPLC. It
retention behavior is governed by a single mechanism. was demonstrated that the new model provides a comprehensive
We have also studied the influence of thgg@gand density  interpretation of the variations & with some RPLC conditions.
on some RPLC characteristi§$8,26] With increasing den-
sity of Cig ligand, the retention equilibrium constark)( the 2. Experimental
absolute value of the isosteric heat of adsorption (the enthalpy
change due to retentionp§;), and the activation energy of sur- 2.1. Columns
face diffusion increase while, in contrast, the surface diffusion
coefficient decreases. There is a critical carbon content of the Table 1lists some physico-chemical properties of the sta-
stationary phase above which these four parameters no longionary phases, i.e., fivejg-silica gels (ODS, #1—#5) and one
significantly change with increasingi&£ligand density. This Cs-silica gel (TMS, #6). The RPLC columns packed with these
level probably depends on the size of the sample molecules. separation media and most of the information were obtained
was also suggested that one sample molecule probably interadtem YMC (Kyoto, Japan). All the stationary phases are syn-
with a single Gg chain at low Gg ligand densities whereas all thesized from the same base silica gel. The fiyg-$ilica gels
the Gg ligands do not necessarily contribute to the retentiorare probably monomeric type packing materials. The density
behavior of the sample molecules at high ligand densities. Thef Cyg ligand was calculated from the carbon content of the
possibility of the interaction of one sample molecule with severapacking materials and the BET surface area of the base sil-
C1g ligands was denied even when the density of Ifyand is  ica gel (290 i g~1). The carbon content of the;gsilica gels
high enougtj26]. An explanation for the retention behavior on from #1 to #4 increased from 0.9 to 3.4 wt.% upon end-capping
Cisg-silica gels is the assumption that the sample molecules pertreatment with trimethylsilyl ligands. The end-capping caused
etrate into the layer of {g ligands[27,28] However, the actual no substantial increase in the carbon content of thedlica
retention behavior in RPLC could be more complicated and weel #5.
have not yet sufficiently interpreted the influence of the modi- The density of Gg ligand was estimated in the range between
fication conditions of the stationary phase, i.e., the length an6.26 and 3.2umol m—2. Although this range is not extremely

Table 1
Physico-chemical properties of RP stationary phases
Packing material/column no. 1 2 3 4 5 6
Main alkyl chain Gs Cis Cis Cis Cis C
Particle densitypp, (9 cm3) 0.67 0.69 0.71 0.79 0.86 0.74
Porosity ¢p) 0.65 0.61 0.57 0.50 0.46 0.62
Carbon content (%)
Before end-capping 1.6 3.6 6.4 12.8 17.1 4.1
After end-capping 5.0 6.6 8.6 13.7 171 -
C, ligand,Cc, 34 3.0 2.2 0.9 0 4.1
Cig ligand densitypc,, (umol m—2)3 0.26 0.59 1.1 2.3 3.2 -
Distance between {g ligands (nm} 2.9 1.9 14 1.0 0.81 -
Ratio of silanol group treated withsgligands (%9 3.2 7.3 13 29 40 -

a Calculated from the carbon content before end-capping and the BET surface area of the base silica gaj (390 m
b Calculated from the g ligand density and the density of silanol groups on the surface of the base silica gel (assumegiodbeng?).
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high, it sufficiently covers the practical conditions concern- In order accurately to deriv€ from 1, the residence time
ing the density of @ ligands on RPLC stationary phases of the sample compounds in the extra-column tubes was sub-
because the highest density ofgldigands is probably about tracted from the experimental values pf [18,33] Similar
3.0-3.5umol m~2 for most commercially available monofunc- pulse response experiments were made without the column to
tional Cig packing materials. It is estimated that about 40% ofmeasure the internal volume of the extra-column pipes between
the silanol groups react with the;gligands on the surface of the injection valve and the column and between the column
the base silica ggP9] to form the Gg-silica gels #5 (density and the detector. On the other hand, the contributiop 06f
3.2umol m—2) since the typical density of silanol groups is about the sample pulses introduced at the inlet of the column was
8 wmol m—2. The average distance between adjacggtifands  neglected because of the extremely small size of the sample
on the surface of the{g-silica gels was calculated from the den- solution injected. As described above, for instance, the injec-
sity of the Ggligands. This distance is likely to be about one totion volume of the sample solution afhexylbenzene was ca.
four times the average molecular size of the sample molecule800ul because of the low solubility of the compound in the
For instance, the molecular radii of benzene eiiéxylbenzene mobile phase, which is not small compared with conventional
are respectively estimated at about 0.34 and 0.45 nm from thedample volumes in LC. However, the retention volumenof
molar volumes at their normal boiling point, assuming a spherhexylbenzene is at least two orders of magnitude larger than the

ical molecular shape. injection volume. The retention afhexylbenzene is so strong
that the volume of the sample injected provides substantially no
2.2. Apparatus influence on the first moment analysis of the elution peaks.

A high performance liquid chromatograph system (LC-6A,3. Results and discussion
Shimadzu, Kyoto, Japan) was used for acquiring experimen-
tal data. A Rheodyne (Cotati, CA, USA) valve injector (Model  contribution of Gg and G ligands toK. Fig. 1 shows the
7125) was used for injecting small amounts of the sample solusorrelation of the experimental values &f (K®P) at 298 K
tion (ca. 0.5-30@.l) into the column. The column temperature ith the carbon content) of the RPLC stationary phases. The
was kept constant by immersing it in temperature-controlledsyperscrig® denotes chromatographic data measured in the
water. The ultraviolet detector of the HPLC system was used foRp| C systems. The value &®*? increases with increasing

monitoring the concentration of the sample compounds in theoy 41| the sample compounds. However, the slope of the corre-

effluent at the column exit. lations betwee&®P andC gradually decreases with increasing
. C. Almost the same values &P are observed for the two,g-
2.3. Chromatographic measurements silica gel columns #4 and #5. The trend of the curvesiin 1is

similar to that of the correlation betwed&hand the alkyl chain

The mobile phase was a methanol/water mixture (70/30,ength in RPL[18]. The value o for relatively small molec-
viv). Alkylbenzenes (ethylbenzenebutylbenzene, andi-  yjar size sample compounds begins to plateau in the range of

hexylbenzene) were used as the sample compounds. Uracil aggh alkyl chain length longer than around.@ was concluded

sodium nitrate were used as inert tracers. They were all reagefdat only part of longer alkyl ligands might contribute to the
grade and used without further purification. Sample solutions

(ca. 0.1wt.% in most cases) were prepared by dissolving the

sample compounds into the mobile phase. The elution peak pro- 107 ¢ - w - . . .
files were measured by means of the pulse response experiment F | 70 vol% Methanol
(i.e., elution chromatography) at different mobile phase flow [ [ 298K

rates (1.0-2.0 m/mint). The column temperature was changed
in the range from 288 to 308 K.
10"k 4

2.4. Data analysis =
(=]
. £
The value ofK was calculated from the first momeni() of S
the elution peak, which is the same as the retention time when the ;
pea_lk profile is symmetrical. According to the moment theory, 10° | Alkyl chain Cy c, |
w1 is formulated as follows. ; Carbon (%) |50 66 8.6 13.717.1 41|
L [ Ethylbenzene | B B ® O =
w1 = (uo) [ee + (1 — ge)(gp + ppK)] Q) r Butylbenzene | & © €& X O @
I Hexylbenzene | © © & ® O @

whereL is the column lengthyg the superficial velocity of the 10 . ‘ . , ) , .
mobile phasege andep the external and internal porosities, 0 5 10 15 20
respectively, angp is the particle density. Details regarding C (%)

the moment analysis method can be found in the literature
[18,30-33] Fig. 1. Correlation ok®*P with C of the stationary phases.
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60 . . - . : . - Cs, Cs, and Gg) and ligand densities (0—4udmol m~2) with
70 vol% Methanol , ] no end-capping treatment. They correlatédf dimethylani-
298 K e line and benzoic acid butyl ester for each stationary phase with

50 - R . . .
J© the alkyl ligand density. As expected, almost linear correlations

Alkyl chain

Cio P T were observed betweekic, andoc,. On the other hand, the
- p 4 curved profiles observed betweg&g,, andoc,, became nearly
Butylbenzene | < y | linear correlations at lowc, ;. Second, the contribution of thg C
Hexylbenzene | © e ligand (K¢,) to K is smaller than that of the{g ligand (Kc,y),
sor t T exceptfor the @g-silica gel#1. It seems that the calculation error
’ ] originating from the assumption of a linear correlation between
y - K¢, andog, is smaller than that betwedtc,, andoc,g.

- As described abovefig. 2 also shows linear correlations
s 1 betweeanel"8 andoc,, at low Cig ligand densities.

a0 | Ethylbenzene

Km;al (cm3 gl)

- - _D_ | Kclg = (X/Uclg + :3/ (4)

0 : ' : ' : ' : wherea’ and g’ are numerical coefficients. The solid lines are
0 ! 2 3 4 calculated from the plots for the threggSsilica gels of lowoc,,

Gy (umol m?) (#1—#3) because itis expected that&fé! values for these three
stationary phases account more accurately for the contribution of
asingle Ggligand toK ¢, under the conditions that one sample
molecule interacts with one g alkyl ligand. The manner of
retention behavior in RPL{18]. Similarly, the resultsifrig. 1 the steric interactions between the sample molecules and the
suggests that all thesgligands do not necessarily contribute to C;g chains depends on the density of thgg @gands. When
the retention of the sample compounds at high coverage densigg,, is large enough, it is probable that the sample molecules
of Cyg ligands[26]. penetrate into the layer of bondeggligands[27,28]. However,

In order to clarify the characteristics of the retention behav4t would be much harder for sample molecules to make contact
ior on the Gg-silica gel columns (#1-#5) which are all packed with several Gg ligands on the gs-silica gels of lowoc,,.
with Cyg-silica gels treated with trimethylsilyl ligand for end- InFig. 2 the dashed lines are extrapolation of the correspond-
capping, it was assumed as a first approximation that the valtuiag solid lines. The values dfgﬁll's on the Gg-silica gel #4 seem
of K consists of the sum of the contributions of thggGgands ¢, lay on the dashed lines while tm%al values for the Gg-

i ihuti " : 18 .

(Kcyg) and of the G ligands Kc,) and that the contribution  gjjica gel #5 are lower than predicted by the dashed lines. The
of the G ligands is proportional to the corresponding carbonggtimated average distance between twgl@ands is compa-
content Cc, ). rable to the molecular size of the sample compounds on both
K = Ke. + Ke 2) Cis-silica gels #4 and #5, as listed Table 1whereas the dis-

1 18 tance calculated for thesgsilica gel #1 is several times larger
exp [ Ccy than the size of the sample molecules. Although the estimates
Ke, = Kys ( ) ®3) of the average distance between twgs Ggands on the ¢g-

silica gels #4 and #5 are comparable to the molecular size of the
where K Tyhs denotes the retention equilibrium constant of thesample compounds, the structural flexibility of thgs@hains
sample compounds measured on thesflica gel column (#6). may allow interactions of the sample molecules with severgl C
The subscripts £€and Gg stand for the respective contributions ligands. If multiple interactions actually take place, the values
of the G and Gg ligands to the retention. As listed rable 1, of K(C:"’;'S for the Gg-silica gels #4 and #5 would be larger than

) | .
Fig. 2. Plot ong?B againsc,g.

4.1

the value ofC for the G-silica gel (#6) is 4.1 wt.%. predicted by the dashed lineskig. 2, a prediction inconsistent
The open symbols iRig. 2represent the contributioriég’l"8 with the data irfFig. 2
as a function of the density of the§ligand (c,,). The super- On the other hand[(%"’;'8 increases almost linearly with

script (cal) stands for calculated values. The valuelsf(‘igf8 are  increasing @g chain density at lowrc,,. The results irFig. 2
derived according to Eq§2) and (3)from K**P measured using imply that interactions of one sample molecule with sevesal C
the four Gg-silica gel columns (#1—#47{?&,?3, andCc,. There ligands are impossible and that allgligands do not necessarily
are two reasons to assume ti&&g, is linearly correlated with  contribute to the retention behavior of the sample molecule, even
oc, (henceCc,) in the above calculation. First, the molecular at high values oéc,,. This suggests also that sample molecules,
size of the sample compounds is larger than that of thege  at least those as small as the benzene derivatives used in this
and but smaller than that of the §ligand. It is predicted that study, interact probably with only one;gligand at lowoc,s.

a linear correlation is observed betweEn, andoc,, and, in  In addition, the solid and the dashed straight lines tend to pass
contrast, a more curved one betwéeég), andoc,,. Inan earlier  close to the origin. In Eq4), the intercept£’) should be equal
paper5], Unger et al. prepared many silica gel packing materi-to zero because the retention of the sample molecules onghe C
als bonded with alkyl ligands of different chain lengthg (Cy, ligands originates from hydrophobic interactions. No hydropho-
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' ' ' ' ' ' i ' lar values ofx were also reported for the RPLC system made
70 vol% Methanol | of a Gg-silica gel and an aqueous buffer as the mobile phase
298 K (2=0.35)[35] and for the system of an activated carbon and
water ¢ =0.2-0.3)[36]. Eq. (5) indicates that the increment in
logK due to the addition of one methylene unit to the sample
10 308 K . molecule is about 1.7 under the RPLC conditions of this studly,
1 if we assumex =0.35. This value agrees well with that derived
fromFig. 3. The results irFigs. 2 and 3uggest that the retention
behavior on the gs-silica gels with different densities ofig
and G ligands is well accounted for by adding the contributions

20 1

o' (em® g’ m* umol™)
(4]

Alkyl chain C | of the two alkyl ligands.
Ethylbenzene | O Enthalpy—entropy compensation of retention equilibrium.
ol The goal of this study is to characterize more clearly, from the
Butylbenzene <& thermodynamic and the extrathermodynamic viewpoints, reten-
Hexylbenzene | O tipln equilibria in RPLC. This wo_rk is dont_e us_ing a serie§ of
. 1 : 1 silica gels bonded with {g and G ligands, with different chain
! s 10 12 14 % densities, i.e., a series of fully end-cappeg@-Gilicas with vari-

able density of the alkyl chairkig. 1 shows that the carbon
content of the adsorbent is a primary parameter, which roughly
Fig. 3. Logarithm of’ as a function oft of the sample molecules. represents the amount of alkyl ligands bonded to the surface of
the base silica gel. However, this parameter depends on both the
o ) _ density and the length of the alkyl ligands. Additionally, the lig-
bic interaction takes place when there is ng @gand on the  and density of a given packing material depends on the length
stationary phase surface. . of the main alkyl chains, even if we use the same base silica gel
Fig. 3shows a plot of log" versus the hydrophobic surface t prepare it. So, the retention data on silica gels bonded with
area of the sample moleculess), a measure of the molecu- gjtferent amounts of different alkyl ligands cannot be directly
lar size calculated as the sum of the surface area incremerggmpared. The experimental data should be analyzed based on
for each group of the molecu[84]. The relationship is linear. the retention equilibrium parameter normalized by the ligand
The ratio of thex’ values for two compounds represents the dif-gensity. As indicated ifFigs. 2 and 3the retention behavior
ference in their retention strength, for instariceon the Gs o the Gg-silica gels having different densities ofig&and G
ligands under the condition that one sample molecule interacigyands is explained by assuming that the contributions of the
with a single Gg ligand. The slope of the straightline#ig. 3 ¢, and G ligands to retention are additive and that each con-
is 3.7x 10-°m’mol-Cyg-ligand g+ mol~* sample molecule. yipytion is proportional to the density) of the corresponding
This means thatthe retention strength of the alkylbenzene derivjy| jigand. We introduce a hypothetical value of the reten-
tives increases by a factor of about 1.7 for the addition of ongjony equilibrium constantx(), which would be measured by
methylene unit to the sample molecule. using silica gel particles chemically modified with an alky! lig-
The solvophobic theorjl.8,35,36jassumes that the retention ang of unit density. The value af is calculated as the ratio
of sample molecules on alkyl ligands in RPLC results from thegt x to . We analyzed the experimental valueskofrather
decrease in the contact area between the polar mobile phase s@jz k.
vent and the hydrophobic surfaces of both the sample molecule The temperature dependencecafias analyzed according to
and the alkyl ligand that takes place upon adsorption of a sampige following equation
molecule. The reduction of the hydrophobic surface ared)(
is assumed to be a fraction.f. As the result of adequate mod- |, _ _AH  AS (©)

A x10° (cm®mol”)

ifications, the difference in lo& two homologous compounds, "~ RT R

iandj, is represented as follofs8,35] whereAH andAS are the enthalpy and the entropy changes of
N a4 the retention, respectively. The conventional procedure consists
Aya(Asi— Asj) . . X
(5) in (1) calculatingAH and AS from the slope and the intercept

of the linear plot of Inc versus 1T (2) confirming a linear cor-
whereN, is the Avogadro numbes; the surface tension of the relation betweerAH and AS and assuming the existence of
mobile phase solvent; the ratio of AA to As, R the gas con- an EEC; and (3) derivind@; from the slope of the linear cor-
stant, and’the absolute temperature. The valuedfependson relation betweerAH and AS. However, Krug et al[21-23]
some chromatographic conditions such as the type and comporiticized this procedure harshly, claiming that (1) a linear cor-
sition of the organic modifier in the mobile phase and the lengthielation can be observed betwea? and AS even when no
of the alkyl ligands bonded to the stationary phase surface itrue EEC takes place; (2) this apparent EEC originates from
RPLC[18]. For instance, the value of has been reported as compensation between errors made in the determination of the
about 0.30-0.35 for the RPLC system made of thg-€ilica  two thermodynamic parameters based on the linear regression
gel #5 and a methanol/water mixture (70/30, ig]. Simi-  of the van’t Hoff plot; and (3) in the case of a merely appar-

InKi—Insz RT
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-5 T T T T T Table 2
Compensation temperatures of the retention equilibrium

70 vol% Methanol

T (K 72 (K)P Confidence level
(1— as)x100%

Minimum Maximum

C; ligand 1.1x10°  5.0x 1C? 1.7x 10° >80

10 - 7 Cigligand  9.3x 1P  5.4x10  1.3x108  >99

5 a 12 calculated from the slope of the linear correlation betwag#’ and
E AGY, inFig. 4
= b Range off? at (1— as) x 100% confidence level calculated by the estima-
T . tion method proposed by Krug et §21].
R Alkylchain | G, C| | prop y Krug et 1]
Ethylbenzene | @ O rejected when substantial compensation effects take f24ge
Butylbenzene | @ <& Table 2lists the calculated values @f® (minimum) and7;?
(maximum). The hypothesis can be rejected for the retention
Hexylbenzene | @ O - . :
equilibrium in RPLC, although the confidence level for the C
-20 : ' : ' : ligand is rather low.
-10 5 0 5
AG,, ~ (kJmol’) 3.3. Convergence of the van’t Hoff plots at Tc‘p

© D H [
Fig. 4. Plot of AH” againstAGT, . Fig. 5aand b shows the van't Hoff plot e, andk _, respec-

tively. The value okc, is the ratio ofK ¢, calculated by Eq(3)
ent EEC, the slope and the correlation coefficient of the lineato oc, . Similarly, k¢, is calculated by dividing&c1gby oc,q. As
correlation betweenH andAS are respectively equal tothe har- shown inFig. 2, howeverxc,, decreases with increasimg, ;.
monic mean temperaturgi{y) and close to unity. They proposed We used the value of _ at low oc,, because? _ is indepen-
four different methods to ascertain whether the linear correlatiodent ofoc,, and because, as indicated earlier, a sample molecule
betweenAH and AS is based on substantial physico-chemicalinteracts with only one G ligand in the lowoc,, range. The
effects or results merely from a statistical compensation duguperscript 0 refers to the slope of the linear regression of the
to experimental error§21-23] We checked our experimen- plots for the Gg-silica gels #1—#3 iffFig. 2 Consequently\gg18
tal retention data using all four tests proposed by Krug et alis equal tox’ as indicated in Eq4). The linear van't Hoff plots
to verify that there is a true EEC effect. In the following, we properly intersect in a small region of the plane, suggesting that
describe only the results of these tests. Detailed informatiogimost the same valuesefvould be observed around the inter-
about the Krug's four approaches can be found in other literaturgection point, irrespective of the compound used. Additionally,

[21-23] the T, values estimated from the intersection pointFig. 5a
and b are properly close to those Bf estimated from the

3.1. Plot of AH® versusAGY, | slope of the linear correlations betweayH® and AGF in
Fig. 4

Krug et al. recommended that dnbe plotted against
{1T— (1)}, rather than 17, to obtain more accurate values 3.4 probability for the intersection of the van’t Hoff plots
of related thermodynamic parameters, i2H® and the Gibbs

free energy change due to the sample retentighaA G, ) According to theF-test, the probability for the intersection

The brackets(() and superscripp denote an average value and of the van't Hoff plots inFig. 5a and b was compared with that
the thermodynamic parameters derived from the plot betweegyr 3 nonintersection, on the basis of the statistical data derived
In« and{1/T — (1/T)}, respecitvely. Krug et al. claimed that a py an analysis of variance (ANOVA) procedy@s]. The prob-
linear correlation should be observed betwegi’ andAGS ~ aility for nonintersection was also compared to the precision of
when a real EEC takes plackig. 4 shows a linear correla- the experimental data in the same manfieble 3lists the val-

tion betweemH® andAGT, . The compensation temperatures yes of the mean sum of squares (MS) calculated. The MS value
(72) are derived from the slope of the linear plots between In for the intersection (M&) is more than two orders of magni-
and{1/T — (1/T)} as 930 and 1140 K for the sample retention ontude larger than that for nonintersection (M%on- The ratio

Cig and G ligands, respectively. These values are of the sam&1S¢,/MSnonconfor the G ligand is sufficiently larger than the
order of magnitude as those previously reported for retentiow-value,F(1, 1, 1— as=0.95) = 161. Although the ratio for the

equilibria in RPLC systemf.0,11,17-20] Cis ligand is slightly smaller than the-value, they are close.
This shows that the probability for intersection is high compared
3.2. Comparison of T;” with Ty, (hypothesis test) to that for nonintersection in both cases. On the other hand, the

ratio of MS,onconto the mean sum of squares of the residuals
Krug et al. claimed thal;? should be significantly different (MS;) is sufficiently smaller than the correspondifigvalue,
from Thm (=298 K) and that the null hypothesiﬁc‘p = Thm, IS F(1, 2, 1— 0s=0.95)=18.5, although the values of INbacon
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and MS are of the same order of magnitude. The negative value
of MS; in the case of the Cligand is probably unreasonable.
However, it seems to arise from calculation errors, which sug-
gests that the variation due to measurement errors is quite small.
In conclusion, the variation due to nonconcurrence is not greater
than that due to the measurement errors at the.P@0evel of
significance.

On the basis of the results described above, we can state that

(o)}
”g 107 3 E atrue EEC takes place for retention equilibria, originating from
e g substantial physico-chemical effects. The retention mechanism
< i Aliyl chain | C, seems to be similar, irrespective of the sample compound in
RPLC systems using either the @ the Gg alkyl chain bonded
102 Ethylbenzene | ®m . silica gel.
Butylbenzene | @ Linear free energy relationships of retention equilibrium. Lin-
r H ear free energy relationships (LFER) as well as EEC are used
L exylbenzene | @ . e S
to study the mechanisms of equilibria or kinetic processes. In
10° — RPLC, LFER correlations are also observed between differ-
0.0 1.0 2.0 3.0 4.0 . e L
ent retention equilibria and/or mass transfer kinetics. The free
UTx10° (K') energy changeXG) associated with a retention equilibrium is
10% - : : : linearly correlated with that under different RPLC conditions
: ©) — and even with a related kinetic process, e.g., surface diffusion
i C,g-Silica gel [18,33]
L 70 vol% Methanol
10" B 3.5. Influence of the change in RPLC conditions on the
retention equilibrium
mZ’ - Fig. 6a shows the temperature dependencecf Only the
S 10°F ¥ column temperature was changed. The valuesfat 288
g E ] and 308 K (symbols) are linearly correlated with those at 298 K
e i Alkyl chain | C, (straight line), suggesting the presence of a LFER_ between
r values at the two temperatures. The slope of the linear correla-
10" | Ethylbenzene | O | tion at 288 K is slightly larger than that at 308 K. Similar results
Butylbenzene | < | 1 are observed for the temperature dependene%lgﬁn Fig. 6b.
Hexylbenzene | © InFig. 7, _the values okc, atthe same_three temperatures are
plotted against that 0@‘818 at 298 K. In this case, both the chain
10'20 T '0 — 'O : 3'0 o length of the alkyl ligands bonded onto the stationary phases and
: : : : : the temperature were simultaneously changed. Again, a LFER
1/Tx10” (K') takes place between the retention equilibria under the different
Fig. 5. Temperature dependence ofig) and (b)l(gm. RPLC conditions.
Table 3
ANOVA table of the retention equilibrium on the different alkyl ligands
Source of variation DE s¢ MS® Cy ligand p=34, ¢=3°) Cigligandp=39, 4=3°)
DF*  S9 Ms® DF* S MS°®
Total pg—1 SS MSt 8 2.4 3.0x10°t 8 7.1 8.8x 1071
Rows (samples) p—1 SR MSr 2 2.3 1.1x10?t 2 6.9 3.4
Columns (temperatures) ¢—1 Ss MSc 2 1.2x 1071 6.0x1072 2 2.0x107t 9.9% 1072
Interactions £—-1)g—1) SSkc MSkrc 4 3.1x10°3 7.7x10°% 4 1.2x1072 2.9%x 103
Slope p—1 SS MSs 2 3.2x10°3 1.6x10°3 2 1.2x10°2 5.8x 1073
Concurrence 1 SSh MScon 1 3.1x10°3 3.1x10°2 1 1.1x10°2 1.1x 1072
Nonconcurrence p—2 SSioncon MShoncon 1 1.2x10°° 1.2x10°° 1 9.6x10°° 9.6x 10°°
Residuals A—1g—2) Ss MS, 2 —-9.1x10°° —4.6x10°° 2 1.2x10°% 6.1x10°°

@ DF is the degree of freedom.
b SS is the sum of squares.

¢ MS is the mean sum of squares, MSS/DF, for each source of variation.

d p is the number of the sample compounds.
€ ¢ is the number of experimental temperatures.
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0.1 ' — d N ‘
0.1 0.2 0.5 1 2 02 ) ; . 0 20
3 -
K, (298K) (cm’g’) o (298K) (em’g’)
30 Fig. 7. Correlation betweett, andx((’:18 values at different temperature condi-
(b) — , tions.
20 | C,.-Silica gel 288 K ,©
_ 70 vol% Methanol e The free energy change of retentiohG?) is related toc as
) SR follows:
§ 1wf S “308K - PREF REF
= Y AGy, = —RTiInky, @)
X /6 g SMP
© R @ SMP
5 S AGE™ = —RTzIn ] ®)
N [ Vs
© Ry whereT1 and T stand for the column temperatures and the
& L Alkyl chain | C,, superscripts REF and SMP denote the reference and the sample
05 / o ’ Ethylbenzene | O systems, respectively. The value of kﬁ"P is linearly corre-
/ . REF . . - .
o | o Butylbenzene | & lated with |OgKTl ,as |IIustr§teq irFigs. 6 and 7suggesting a
’ LFER of the retention equilibrium between the corresponding
Hexylbenzene | © RPLC systems.
1 : — : Inkc3MP = AIn«REF+ B 9
1 2 5 10 20 30 Lk no T ©)

Fig. 6. Correlation between (ay, and (b):c‘é18 values at different temperature

conditions.

%, (298K) (em’g’)

3.6. A model for explaining the change of the retention

behavior

Substituting Eqs(7) and (8)into Eq.(9) gives

AGE" = A (2) AGE — RT,B (10)
Eq. (10) formulates the LFER of retention behavior between
different RPLC conditions.

On the other handAG? consists of the contributions of an
enthalpy A H?) and an entropy changa ¢%), according to the
Gibbs—Helmholtz relation.

As shown inFigs. 6 and 7the retention behavior in RPLC
depends on some experimental parameters. In the following, AG® = AH® — TAS®
model based on an EEC and a LFER was developed by assum- i ) )
ing that theAG value of the retention equilibrium consists of  Itisassumed that G® ofamolecule involved in hydrophobic
the sums of incremental contributions due to the structural eldlteractions is correlated with a parameter describing a molec-
ments of molecules. The retention behavior in RPLC and it&!lar property Km) [25,37]
thermodynamic properties were stL_Jdied from the_ viewpointsAqu = agXm + by
of the molecular structural contributions by analyzing the two
extrathermodynamic correlations. This model provides a comwhereag andb, are molecular thermodynamic parameters. The
prehensive explanation of the variationffdue to changes in  value ofag is AG?® per unit value of the molecular propefty,
the RPLC conditions. and that ofpg is AG?® at Xy =0. Various molecular properties

(11)

(12)
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Fig. 8. Correlations between ()G, andNm, (b) AH® andNm, and (c)AS?® andNm.

can be taken fokm, for instance, the surface area of the non-  Fig. 8 shows the plots oAH? againstNy. Linear cor-
polar part of the molecule or the number of recurring structuratelations are observed betwe@rH® and Np. Fig. & sim-
elements. In this study, we used alkylbenzene derivatives as thigrly shows AS? as a function ofNm. Again, AS® is lin-
sample compounds. The number of methylene graip) (n  early correlated withVy,. The results inFig. 8 and ¢ sug-
the alkyl chain of the molecules was usedias Fig. 8a shows  gests the validity of Eqs(13) and (14) Table 4 lists the
the linear correlations ok G? at Thm (298 K) with Ny, for both  resulting values of the slope)(and the intercepts). Using
the G- and Gg-silica gels. The results iRig. 8a demonstrate the slopes of the straight lines betwea&H® and Nm(an)

the validity of Eq.(12). and betweenAS? and Nm(as), TS can be calculated as
It is expected than H® and AS® are similarly represented [25].

using the corresponding molecular thermodynamic parameters

(an, by, as, andbs) as follows[25,37] 1o = (15)
ds
AH® = anXm + bn (13) : . .
o Table 4also lists the ratios @i, to as, in fairly good agreement
AS® = asXm + bs (14)  with those of72 in Table 2
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Table 4

Molecular thermodynamic parameters
AH® vs.Nm AS?® vS.Nm T¢ (=anlas) (K)
ap (kJmol1) by (kI mol1) as (kJmol1K—1) by (kIJmol1K—1)

C, ligand -1.0 -6.3 —-9.1x10°* —3.7x 1072 1.1x10°

Cis ligand -1.8 —6.0 —2.0x 1073 —2.1x10°2 9.3x 10%

Differentiation of both sides of Eq10) with respect ofVy, imental data points lay close to the corresponding straight lines,

gives demonstrating the validity of the model developed for explaining
PSMP HREF the temperature dependencecqhence ofK).
NG, _ A <T2> IAGT, (16) When the temperature is constant, §48)and(19)become
ONm T1 ONm SMP(T(pSMP T)
a _
The following equation is derived from a combination of Egs. A = SREF(T(;)REF 7 (22)
(11), (13) and(14). 45— e
1

AG® = AH® — TAS® = (apNm + bp) — T(asNm + bs) B= E[A(bﬁEF — THRER) — (bMP — THSMP)] (23)

7) The solid line inFig. 7 was calculated with Eq$22) and

(23), at constant temperature (298 K). The two dashed lines in
Fig. 7were similarly calculated with Eq€l8)and(19)because,
aSMPTY(T2™™ — 1) in that case, both the type of alkyl ligand+(®r Cig) and the
A= aREFT,(T° _ 1)) (18) temperature were simultaneously changed. Again, all the exper-
s ¢ imental data properly overlay the corresponding straight lines.
whereaREF andaSMP are the increments akS® correspond-  The results irFigs. 6 and Hemonstrate that Eq&18) and(19)
ing to the addition of one methylene unit to the alkyl chain ofare useful to analyze the variation of the retention equilibrium
the sample molecule, in the reference and the sample systengise., « andK) due to changes of the RPLC experimental condi-
respectively. Eq(18) shows tha# depends on the temperature tions on the basis of the EEC and of molecular thermodynamic
and that this temperature dependence is correlatedfwjtfb,  contributions.
(DREF (pSMP
T2, andTy .
On the other hand, substituting Eq§$7)(10) givesB (Eq.  3.8. Estimation of the value of K
(9)), as follows.

Substituting Eqs(17) and (16)and rearranging gives

1 T The results described above suggest that it should be possi-

B— _—_ {A <2> (bREF — lestEF) - (bﬁMP — szSSMP) ble to estimate the value af hencek, under various RPLC

RT> n conditions, from a limited number of experimental datakof

19 in the following, we calculateX for the three sample com-

Egs. (18) and (19)shows the dependence of the slope andPounds (ethyl-n-butyl-, andn-hexyl-benzene) between 288
the intercept of the LFER in Eq10) on the molecular ther- and 308K, on the RPLC packing materials #1—#6 bonded with
modynamic parameters: @nd b) in Egs. (13) and (14), the ~ Cisand G ligands at different densities, with a methanol/water
compensation temperaturgzX), and experimental temperature (70/30, v/v) solution, from only one experimental datuiof -

). hexylbenzene at 298 K on the gsilica gel #5, using Eqg18)

and (19)based on the EEC and LFER, assuming the additivity
3.7. Interpretation of the variations of  on the basis of the of the contributions of the £g and the G ligands to the retention
EEC constant. In this problem, four RPLC conditions are simultane-

ously changed, the sample compound, the composition of the

It is expected that Eq¢18) and(19) can explain effectively Ponded layer (¢and Gg), the density of the alkyl ligands, and

the variation of arising from changes in the RPLC conditions. the column temperature. First, the valuescef and«c,, of
When only the temperature is changed, E&8)and(19)should ~ the three sample compounds are calculated at the three different
be modified as follows. temperatures from the valueaf, ; for n-hexylbenzene at 298 K

using Egs(18)and(19), the molecular thermodynamic parame-

_ T(T{ — 1) (20)  tersaandblistedinTable 4 and the compensation temperatures
T(T¢ — Th) (T2) listed in Tables 2 and 4The primary value ok, of n-
1 T hexylbenzene at 298 K was simply calculated as the ratio of the
B = D {A <T1> (bh — T1bs) — (bn — T2bs) (21)  experimental value ok on the Gg-silica gel #5 to its Gg lig-

and density4c,,). Then, the values df on the other silica gels
The dashed lines iRigs. G and b were calculated with Eqgs. (#1—#6) were calculated as the sums of the contributions of the
(20)and(21), taking7T1 =298 andrl', = 288 or 308 K. The exper- two alkyl ligands to the retention constant. The multiplication of
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21 2
§ w'p © 1 E 10 o 1
- @ =~ b i 1
3 S g
X o 9 @
5r1 5
L & Alkyl chain Cig G
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@
5| B@ 70 vol% Methanol | - | Ethylbenzene |0 B8 @ ® O = |
288 K ~ 308 K Butybenzene | ¢ © @ B O @
' Hexylbenzene | @ © & & O @
1000 I I I‘“H‘w ‘ e 2 1000 : I ‘”“llw 5 2
10 2 5 10 2 5 10 10 2 5 10 2 5 10
Kexp (Cms g1) Kexp (cma gl)

Fig. 9. Comparison ok®® with K° estimated from only one experimental Fig. 10. Comparison ok®® with K° estimated frome’ (=« ) of n-
datum ofK of n-hexylbenzene on thesg-silica gel #5 at 298 K. hexylbenzene at 298 K.

KCyg DY 0Cyq gives the contribution of the {g ligand bonded on g5 ofy/ (=xQ,,) in Fig. 3askc,,. The new values ofcy for the

the.statlonary phase surface to the sample retention. Thg Comgémple compounds were calculated as the raﬂﬁ%ﬁs ateach
bution of the G ligand was calculated in the same way. Finally, al Lo
temperature tec,. Then,K°® was derived in the same manner

:Eg Ig?/r;ltlrl;t;l;tlons of the two alkyl ligands were added to denveas described above. The valuesk6f! are compared withi®<P

Fig. 9compare so calculatedkc?) with the experimental :ir;]glg_l'_hlg\g?inc’)? 'I\I/Itshg ?:::? pollgt;asscztitlfﬂrlsrrlou:;mtg; tdel 3ga(;nal
data €®*P). The arrow inFig. 9indicates the original datum of . 9. y

K experimentally measured, from which all the valuesk&?¥ 0.13, which is almost the same as thatffag. 9. The K** val

in Fig. 9 were estimated under the different RPLC conditions 2> InFig. 10are slightly larger compared to the corresponding

All the data points lay on or scatter around the diagonal line <> inFig. 9. This difference comes probably from the differ-

having the slope unity, proving the validity of our model of ence between the' values (Eq(4)) used for calculating™ in

. ) , X
retention equilibrium based on the EEC and the assumption thgtlgs' 9 and 10ForFig. 9, the’ values under different RPLC

Kcal _ KE&Xp
Kexp

the contributions of the Cand the Gg ligands to the sample conditions were estimated from only one source, the value of
: o A cig Of n-hexyl-benzene at 298 K, by applying the new EEC
retention are additive and that the contributions of the two alkyfC . :
: model for retention (Eqg18) and (19) with the related param-
ligands are calculated as the produckando. We calculated D 1 . .
L . . eters §, b, andT;’) listed inTables 2 and 4The originalkc1s
the mean square deviation (MSD) according to the followmgv i0 OkeP i~
equation (Eq(24)) alue was the ratio o at 298K tooc,, of _the Cg-silica
' gel #5. On the other han@x‘g18 was used a&’ in the case of
1 211/2 Fig. 10 As shown inFig. 2, the value ofK?;18 is larger than the
MSD = () Z (24)  ratio of K*P to oc,, (Cie-silica gel #5) for each sample com-
N pound. Ultimately, yet, the results FFigs. 9 and 1(rove the
validity of our model of the retention equilibrium based on the
whereN is the number of data pairs ok and k@). The  EEC.
value of MSD was calculated as 0.11 for the result&im 9.
Our model (Eqs(18)and(19)) provides a comprehensive expla- 4. Conclusion
nation of the intrinsic characteristics of the retention equilibrium
in RPLC from the viewpoints of thermodynamics and extrather- - Tyg extrathermodynamic relationships, i.e., EEC and LFER,
modynamics. . relate the retention equilibrium data in RPLC systems made of
Hoe\:(vever, the results iffig. 2 suggests that thec,s value  silica gels bonded with mixtures of;Cand Gg alkyl ligands
(= KG/oc,s) used in the calculations described above is noty; gifferent densities. Assuming that the contributions of the
equal tmglg,which is calculated from the slope of the linear line C; and the Gg ligands to retention are additive and that the
in the range of smalbcyg values inFig. 2 The value ofkc,g contribution of each ligands can be calculated as the product of
should be smaller thamcc’ls. As a result, many values @&°@  a normalized adsorption constart,and the ligand density;,
in Fig. 9 are slightly below the diagonal line. Accordingly, we we demonstrated first that the EEC of the retention equilibrium is
recalculated the same setkf values but used instead the val- true and that it is based on substantial physico-chemical effects.
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This is the result of the analysis of the modified van't Hoff plot Greek letters

and of the four tests proposed by Krug et al. The valuegdf o
were estimated at about 1x110° K and 9.3x 1(?K forthe G as
and Gg ligands, respectively. Osep
Then, a new model based on the EEC so demonstrated was
derived to explain the LFER of the retention equilibrium underg’
different RPLC conditions. The values of the changes in free,
energy, AGTh , enthalpy,AH®, and entropyAS?® are linearly ep
correlated with the numbers of methylene grouyig, The ratio  «
of the slopeszh to as was found to be close to the compensationg1
temperatureT?, calculated from the slope of the linear correla- pp
tion betweeAH® andAG . The slope4) and the intercept o
(B) of the LFER between the values oiinder different RPLC
conditions are accounted for By, a, andb.

ratio of AA to As in Eq. (5)

statistical level of significance
separation factor

coefficient in Eq(4) (cm® g~ m? umol—1)
coefficient in Eq(4) (cm®*g~1)

void fraction of the column

porosity of the stationary phase particle
K value normalized by (cm®g~1)

first absolute moment (s)

particle density (g cm?)

alkyl ligand density umol m~2)

- o Superscripts
Finally, the model allows an accurate prediction ofkheal- ., calculated
ues under different RPLC conditions from only one experimental,, experimental
datum with the MSD of 0.11, regardless of the simultaneOUREE  reference
change of four RPLC conditions, i.e., the sample compoundgy,p sample

the composition of the bonded layery(@nd Gg), the density of

the alkyl ligands, and the column temperature. This new model
(Eqgs.(18) and (19) provides a comprehensive explanation of
the intrinsic characteristics of the retention equilibrium in RPLC
from the viewpoints of thermodynamics and extrathermodynam-
ics.

equilibrium parameter determined from the experimen-
tal retention data in the range of lawg,,

thermodynamic parameters measured by analyzing
temperature dependencexof

Subscripts
5. Nomenclature con concurrence
C1 contribution of G ligand
Cis contribution of Gg ligand
a slope of the linear correlation between a thermody-9 free energy change
namic property andm h enthalpy change
A slope of LFER (Eq(9)) ! ith component
As hydrophobic surface area of the sample compound jth component
(e mol-1) noncon nonconcurrence _ .
AA  reduction of total hydrophobic surface area due to sam©PS ~ experimental data measured using the-dllica gel
ple retention (crimol—1) column
b intercept of the linear correlation between a thermody-> entropy change _
namic property andm, Thm at har_monlc mean of experlmer!tal temperatures
B intercept of LFER (Eq(9)) TMS  experimental data measured using thestlica gel col-
c carbon content of the packing materials (wt.%) umn .
AG  free energy change (kJmd) T1 at temperature condition 1
AH  enthalpy change (kJ mot) T, at temperature condition 2
o retention factor e measurement errors
K retention equilibrium constant (chg~1) 1 condition 1
L column length (mm) 2 condition 2
MS mean sum of squares
MSD mean square deviation References
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