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Abstract

A quantitative physical description of tailing is reported here for analytical-scale reversed phase chromatography with Type B silica.
Simulations of experimental chromatograms for a cationic dyédigbdecyl-3,3,38'-tetramethylindocarbocyanine perchlorate (Dil) were
performed as a function of Dil concentration and flow rate, revealing nonlinear tailing due to a bi-Langmuir adsorption isotherm. The strong
site comprises less than 0.1% of the residual silanols, the desorption rate constant of Dil from this type of site3sn@5', and the free
energy of the silanophilic interaction is 16 kJ/mol, indicating hydrogen bonding or another strong electrostatic interaction.
© 2004 Published by Elsevier B.V.
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1. Introduction one would need to know the physical parameters (equilib-
rium constants, surface coverages, and desorption rate con-
Tailing of reversed phase chromatographic zones is astants) for the compound at the different types of sites. One
widespread problem for the separation of pharmaceuticals,would also need to have a model into which these parame-
peptides and proteins due to the interactions of amino groupsters could be input to generate chromatograms that matched
with residual silanolg1,2]. Experimental studies have de- experiment. This combination of knowing the model and the
scribed the extent of tailing for different bag@$, station- parameters would constitute a quantitative understanding of
ary phase$4,5], mobile phasef6], and pH value$7,8]. In the chromatographic phenomenon.
addition, sets of test compounds have been developed for Significant progress has been made toward the quanti-
characterizing the silanophilic activity of chromatographic tative understanding of chromatography. Lenhoff showed
columns[9-13] Tailing in reversed phase analytical-scale that simulations of chromatographic zones using reasonable
chromatography is known to be due to “mixed mode” reten- physical parameters and a two-site model predicts tailing at
tion, where the hydrophobic monolayer comprises one type the nominally hon-overloading concentrations that one uses
of site and the “active” silanols comprise a second type of in analytical-scale reversed phase chromatography for or-
site [1,2]. The “active” silanols that give rise to tailing are ganic basefl6]. Guiochon pioneered both methodology for
reported to be isolated silandts4,15] The body of knowl- determining the physical parameters experimentally and in-
edge has provided tools to the practitioner for reducing tail- vestigating appropriate models for using these physical pa-
ing and guidance to manufacturers for designing improved rameters to simulate chromatograms for comparison with ex-
silica gel. periment. These efforts began in 1988] and have recently
Despite the large body of knowledge on tailing, and its been reviewed18]. The main focus has been the nonlinear
continued importance, there is a dearth of quantitative in- tailing zones of preparative and process-scale chromatogra-
formation about tailing. To understand tailing quantitatively, phy, but the approach is directly applicable and recently used
to study tailing in analytical-scale chromatograph§]. The
I . N . Guiochon group has shown the important distinction be-
* Corresponding apthor. Present aqldres_s: The University of Arizona, tween tailing due to a nonlinear adsorption isotherm and tail-
Department of Chemistry, 1306 E. University Blvd., Tucson, AZ 85721, . .
USA. ing due to slow kinetic$19,20] These advances have also
E-mail address: mwirth@email.arizona.edu (M.J. Wirth). been applied to gas chromatography, where the model in-
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cludes distributions of adsorption sitgd]. There has been Fortran software for the simulations was kindly donated
one use of this approach, to our knowledge, to study tailing by Professor Georges Guiochon of the University of Ten-
of an organic base in reversed phase analytical-scale chronessee. This code uses the bi-Langmuir model for adsorp-
matography[22]. The results indicate the presence of rare tion of analyte onto a stationary phase containing two sites,
sites giving rise to tailing ofN,N-dimethylaniline on Type  and the equilibrium-dispersive model to account for the
A silica, although the simulations do not overlay the experi- sources of zone broadening, which combines all sources of
mental data. It would be valuable to have a study of Type B non-equilibrium broadening into an apparent axial disper-
silica, since this is much more commonly used in the phar- sion term and assumes fast exchange of the analyte between
maceutical industry. stationary and mobile phasi3,24] We translated the code
The purpose of this work is to investigate the chro- for operation with the computer program Matlab v.6.5. To
matographic tailing of a compound on Type B silica by determine the best-fit parameters, the equilibrium constant
experimental chromatography and simulation. We chose thefor the strong site was systematically varied from 10,000 to
compound 1/tdioctadecyl-3,3,3 -tetramethylindocarbo- 100,000 and the relative coverages of strong and weak sites
cyanine perchlorate (Dil) for two reasons: (1) it is cationic were then optimized to determine the best fit. In order to
and hydrophobic, which are characteristic of compounds minimize the number of independent parameters that needed
that tail significantly in reversed phase analytical-scale to be determined from the simulation, the net column effi-
chromatography, and (2) it is amenable to ultrasensitive ciency was measured experimentally using anu@4lsolu-
study by fluorescence spectroscopy, potentially enabling thetion of Dil, and was input as a simulation parameter for the
results of spectroscopic and chromatographic experimentsplate height. This parameter is used to calculate the apparent
to be combined. Herein, we report on our investigations of axial dispersion coefficient. The desorption times were then
the reproducibility of the Dil chromatograms, we determine independently determined from the flow rate dependence of
whether the simple model of the bi-Langmuir adsorption the zone broadening.
isotherm allows quantitative agreement between simula-
tion and experiment, and obtain estimates for equilibrium
constants, surface coverages, and desorption rate constantd Results and discussion
within experimental error.
Fig. 1lashows chromatograms for Dil at six concentra-
tions, 0.9, 8.1, 26.2, 88, 260, 30®1. The chromatograms
2. Experimental shown are for three replicate runs, which virtually superim-
pose, demonstrating that a highly reproducible phenomenon
The cationic dye, 1,4didodecyl-3,3,3'-tetramethylindo- is being studied. The column had been used periodically at
carbocyanine perchlorate, was obtained from Molecular low pH for 3 months, which likely had lead to some hy-
Probes and was used as the analyte. The acetonitrile waglrolysis or reorganization of the hydrocarbf#b], there-
obtained from Aldrich as HPLC grade. The water was puri- fore, the behavior described here is the stable behavior of
fied to a resistance of 18fcm using a Barnstead E-pure an aged column. The chromatogramskad. laexhibit a
system. shortening of the peak retention time with higher concen-
The chromatograph used in these experiments was antration, which is a known phenomenon that indicates non-
Agilent 1100 with an isocratic pump, vacuum degasser, linear tailing is occurring. In analytical-scale reversed phase
thermostatted column, and diode-array absorbance detecchromatography of organic bases, for which tailing is preva-
tor. The stationary phase was Zorbax-RX-C8, with column lent, injected concentrations would usually be in the range
dimensions of 8cmx 4.6 mm, and was purchased from of 10-100uM, and Dil exhibits tailing for this same range
Agilent. This is a nonendcapped material that is prepared of concentrations. The chromatogram at the concentration
commercially by derivatizing a Zorbax RX silica substrate of 0.9uM is shown inFig. 1k establishing that the zone
with chlorodiisopropyloctylsilane, which is called Stable becomes symmetric at sufficiently low concentration. There
Bond™ . The mobile phase was 90% acetonitrile/water (v/v) is a small deviation near the baseline of the rising side of
with 0.01 M HCI added to the water portion. The temper- the peak, which is likely due to an impurity. The ability to
ature was set to 2QC. For studying the concentration de- observe chromatograms of Dil well below the concentration
pendence, the injected volume waspl@nd the flow rate  where nonlinear tailing occurs owes to Dil having an un-
was 1.0 ml/min. The injected concentrations were 0.9, 8.1, usually large molar absorptivity, 160,000 in acetonitrile, in
26, 88, 260, 309.M. For studying the flow rate dependence, the visible part of the spectrum.
the injected concentration was .M. The injected volume Fornstedt et al. have described two types of processes
was adjusted to keep a constant injection time of 0.01 min leading to tailing: nonlinear tailing and kinetic tailig0].
for each flow rate. The detector response time was set to 1 sNonlinear tailing, as we have discussed, derives from the
which was significantly faster than the peak widths for all concentration reaching the nonlinear part of the adsorption
flow rates studied. Three replicates were performed in everyisotherm, and it is characterized by an increase in tailing
case to establish that the chromatograms were reproduciblewith concentration. Kinetic tailing derives from very slow
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The equilibrium constant is inversely proportional to the
Fig. 1. (a) Chromatograms of Dil as a function of analyte concentra- gyrface coverage at saturatidhsg
tion over the range of 0.9-3@&M. This graph overlays three replicate
chromatograms at each concentration. A plot of the residuals between ,, ri 2
the replicate chromatograms is shown, which demonstrates high repro- " ZEat ( )
ducibility of the experimental data. (b) Chromatogram)(for the lowest
concentration of Dil, 0.9M, plotted on a smaller scale to show that the The phase ratio is related to the surface afgaand the
chromatogram is symmetric. A Gaussian curve (—) is shown for refer- experimentally measurable volume of:
ence.
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desorption kinetics, and it is characterized by an increase in
tailing with increased flow rate. As it is possible for both the mobile phasé/y, in the column. The value afsg;can
types of tailing to contribute to the shape of the zone, we be determined from the adsorption isotherm. The concentra-
varied the mobile phase flow rate to assess the possible onseion term in the denominator diq. (3)accounts for the use
of kinetic tailing. The chromatograms for an .1 solution of the standard state q. (2) For the material used in these
of Dil at flow rates of 1.0 and 5.0 ml/min are shown in separationsy, = 0.6ml, A = 180n¥/g x 0.75g, which
Fig. 2 These chromatograms show that the zone becomess the dry weight of silica in the 8 cm column. Therefore,
slightly asymmetric at the highest flow rate, indicating that ¢ = I'sa2.3x 10°) m?/l. FromEgs. (1)—(3)for K >30,000,
kinetic tailing just begins to contribute at the unusually high and assumingsa ~ 1 pmol/m2, which is the highest con-
flow rate of 5ml/min. For the chromatograms analyzed in centration of Dil on the stationary phase limited only by
this work, where a more typical flow rate of 1.0 ml/min was steric constraints, one can estimate that 4140 min or
used, kinetic tailing is negligible, and only nonlinear tailing 69 h in the limit of low Dil concentration. This calculation
contributes to the zone shape. demonstrates that there must be at least two sites because
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It was assumed as a starting point that the weak sites never
saturate over the concentration range used, therefore, only -40
the producKjI'1,satis an independent parameter. Under this
condition, the zone shape and position are described fully Fig. 3. Simulation (red) and experiment (blue) for the chromatograms
fom four independent parameter; Kz, I'sua/I'say and % DI O he 2 concenvatons st ( for e est it paeters
N, whereN is the number of theoretical pIates afgyis the than the best-fit values. The difference between the eoxpgrimental data and
total saturated surface coverage. The valudl efas calcu- the results of the simulation are plotted below each set of chromatograms.
lated from the zone variance for the second lowest concen-
tration of Dil, which produced a symmetric zone. This left . .
three independent parametets, Kz, and I'sata/I'sas, to be The best-fit parameters are listedTable 1 The value

determined from the simulations of the six chromatograms, f0r K2 was found to be 51,000, which is consistent with
which gives an overdetermined fit. the onset of nonlinear tailing being evident at the injected

The results from simulating the concentration dependenceconcentration of 26.M. Compared to the negligible exper-
of the Dil chromatograms using the bi-Langmuir model are imental spread in retention behavior that was demonstrated
shown inFig. 3a The agreement between simulation and " Fig. 18 it is established that variations & within 2%
experiment is remarkable, demonstrating that the zones arePf the best-fit value still fit acceptably well, but a larger vari-
described well by the bi-Langmuir model. There is a small ation gave obvious disagreement. The latter is demonstrated
but consistent disagreement between simulation and experPY the simulated chromatograms kig. 3b which corre-
iment at the beginning of each peak. This could be due to
an impurity or to departure from Langmuir adsorption, e.9., .0 1
fr.onting_. The excellent agreement between experiment andgesuits of simulations that reveal the best-fit values of the paramiéters
simulation does not prove that other more complex models K,, and ("sat2/I'sad- The dependent parametes is included, as well as
are wrong. The agreement merely indicates that no degreethe independently determined value of the number of theoretical phites,
of complexity beyond the pi—Langmuir adsorption isotherm K, K, FsaolTsat Ko N
needs to be invoked for this chemical system and the exper-
imental conditions used in this study.
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spond toKy values of 46,000 and 56,000. One can deter- regardless of whether Dil is adsorbed to a strong site or a
mine the allowed energy range for a 2% spread in equilib- weak site, then the free energy of interaction of Dil with the
rium constants to ascertain how much of an energy spreadactive silanols AGsjon) can be computed by subtraction.
is allowed, this corresponds 9G 54s = 26.4+0.05 kJ/mol.
Given that the discrepancy in the simulations is less than AGsjoy = AG2 — AG1 = RTIn (—2> (5)
2%, the range of energies is less than 1%, pointing to a neg-
ligible distribution of energies for this system. The logarithmic relation greatly reduces the impact from
The k' values of Table 1show that the strong adsorp- uncertainty in the assumptions. The resulting estimate is
tion sites contribute slightly more to retention than do the AGsgion &~ 16 kd/mol. This is the energy of a strong hydro-
weak sites. The capacity factors are tabulated in the limit of gen bonding interaction or other strong electrostatic inter-
¢ — 0 because the relation #q. (1)is only valid at low  action. It is consistent with the idea of strongly hydrogen
concentration. Taking into account the steric restrictions for ponding, isolated silanols. Studies of the interaction energies
packing a full layer of Dil on the stationary phase, it can be with a suite of compounds, as well as the dependence on
assumed that the total saturated surface coverBgg) ©Of ionic strength, could provide further insight into the nature
Dil is on the order of Jumol/m?. This can be used to es-  of these interactions.
timate the saturated surface coverage of Dil on the strong  Our conclusion of one type of strong adsorption site with
adsorption sitesl{sat2), which is on the order of 1 nmol/n a negligible distribution of energies does not refute studies
This demonstrates that it is rare sites that allow nonlinear that indicate a range of adsorption energies. Instead, the nar-
tailing to occur for moderately fast elution. The simulations row distribution applies to this particular system and con-
thus illustrate that mixed-mode retention occurs, where tail- ditions. The fact that the Dil chromatograms at low analyte
ing is due to the nonlinear adsorption isotherm for a rare, concentration fit to a Gaussian curve precludes a range of
strong adsorption site. This rare site contributes significantly K values that are higher than those reported here. Gas chro-
to the zone shape, despite the strong sites being low in abunmatograms for methanol, diethyl ether, 1-chlorobutane, and
dance, because the high equilibrium constant compensategjichloromethane on bare silica are described well by several
to populate the surface as much as the prevalent weak sitesgypes of sites, each with a distribution of adsorption energies
ky/ky = 0.89. [21]. FTIR studies have shown that pyridine adsorbs to bare
One value of knowing the coverage of active silanols is and chemically modified silica at two types of sites, hydro-
that it provides manufacturers with a physically insightful gen bonded water and isolated or weakly hydrogen bonded
basis for assessing steps to improve chromatographic silicasilanols[26]. In our simulations, if the adsorption of Dil to
gel. On Zorbax RX with the Stablebold monolayer, the  surface water has a low enough equilibrium constant that it
residual silanols comprise an estimatedgnsol/m?, based  does not begin to saturate at the highest concentration of Dil
on an average silanol surface density qfrBol/m? on the studied, then it would only contribute kbfor the weak sites,
bare silica, and 2.amol/m? of modified silanols in a typ-  and the simulations would fit well to the two-site model de-
ical silanization reactiori2,15]. Yet the strong adsorption  spite there being three sites. Nonetheless, our study is valu-
sites are more than three orders of magnitude lower in cov- able in identifying the equilibrium constant and coverage of
erage than the residual silanols. This underscores the notiorthe most deleterious site with respect to tailing.
that it is not the residual silanols that cause tailing, but a  Kinetic data can also be obtained from the simulations.
subpopulation of these that are especially active. These areChromatograms are broadened by multiple factors, one of
reputed to be isolated silands4]. The number of these ac-  which is slow desorption from the surface sites. Theerm
tive silanols accessible to Dil could be different from that in the van Deemter equation contains information about the
for other compounds, since McCalley has found that ster- desorption time.
ically bulkier analytes tail less severelg]. Dil is bulkier B
than typical organic amines, therefore the coverages of ac-H = A+ — + Cv (6)
tive silanols might be higher for other amines. Studies of dif- v
ferent structures would be interesting for determining how Variation of the flow ratep, thus allows one to determine
much the coverage of isolated silanols changes from onewhether slow desorption contributes significantly to broad-
analyte to the next. ening of the chromatogrankig. 4 shows the van Deemter
Using the simulation parameters, and some reasonable asplot of experimental data for Dil, obtained by varying flow
sumptions, one can obtain an estimate of the free energy ofrate from 0.1 to 5 ml/min for an 8,AM solution of Dil. The
interaction of Dil with the active silanols. Assuming that the best-fit parameters &%, B andC to the van Deemter equa-
saturated coverage of Dil at weak sites is on the order of tion are listed inTable 2 along with the 95% confidence
1 pmol/m?, thenk 1 = 60. The free energy of interaction be- intervals. The small number of data points at low flow rates
tween Dil with the strong adsorption sitAG2) will contain corresponds to a large uncertainty associated with the ana-
a contribution from the interaction of Dil with the nearby lyte diffusion coefficient B). The good correlation between
hydrocarbon component. If itis assumed that the free energythe data and the best-fit curve at high flow rates provides
of interaction between Dil and the hydrocarbon is constant, a narrow error range fo€. The plot shows that slow de-

1
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0.0045 the inverse of the desorption rate const@™n]. R is the re-
0.0040 - tention ratio, which is the ratio of velocities of the analyte
. and the mobile phase.
0.0035 -
. C=2R(1- Rt (7)
0.0030 -
0.0025 4 The random walk model is easily e_xtended to multi_ple inde-
€ pendent processes. One lumped time constant, will be
% 0.0020 . used here to represent all processes that contribute 16 the
0.0015 term other than slow desorption from the strong sites, which
1 is represented by,. Considering the two net types of pro-
0.0010 cesses( is a linear combination of the time constants of
0.0005 the individual sites, wheréis the fraction of the capacity
0.0000 ] factor due to the strong sites, in the limit of~> 0.
0 10 20 30 40 50 60 70 C = 2R(1 — R){tsum+ fr2} (8)
flow velocity (cm/min) The C term obtained for tetracene is used to estimatg,
Fig. 4. van Deemter plots for Dil®) and tetracene(), each at 8. 1M since tetracene should be affected comparably by the other
in concentration for the same separation conditions aéig'nl broadening processes Wh||e neg||g|b|y adsorbing to Strong

sites, which are presumed to be isolated silanols. The re-
sults for tetracene reveal,m = 4.5ms. This value is on

sorption begins to contribute more than other factors to zonethe order of what one would estimate for intraparticle diffu-
broadening once the linear flow rate exceeds 10 cm/min. sion:r2/2D = 3.1 ms, wherg is the particle radius and 2D
The volume flow rate of 1 ml/min corresponds to a linear the B term from the van Deemter plot for tetracene. Since
flow rate of 13 cm/min. Under the conditions of the simu- the contributions of intraparticle diffusion and slow diffu-
lated chromatograms, it is evident that slow desorption from sion across the velocity distribution of the mobile phase both
strong sites does not dominate zone broadening. This indi-scale inversely with diffusion coefficient, the smaller diffu-
cates that tailing is more of a problem than broadening for sion coefficient of Dil would increase the value of,m to
the silanophilic interactions of this chemical system. 7.7ms, as estimated from th&term in the van Deemter

Slow desorption from the strong sites contributes to@Ghe  plot for Dil. Having a reasonable estimate oy, now al-
term, but other factors are expected to contribute aswéllto  lows straightforward calculation of the desorption time from
such as desorption from weak sites, diffusion across the ve-strong sites usin&q. (7) The result is that; = 85+ 5ms.
locity distribution in the mobile phase, and intraparticle dif- The5 ms spread represents a 2% spread oKthegalues
fusion. All of these other contributions to ti@&term would obtained from the simulations; there is potentially an addi-
affect a hydrophobic compound having no hydrogen bond- tional error of a few ms due to the uncertainty in knowing
ing or charged group available to interact with silanols. To the relative diffusion coefficients of Dil and tetracene. De-
estimate these other contributions, tetracene was used. Thapite the slowness of this desorption process, at the flow rate
van Deemter plot for tetracene is showrrig. 4 along with of 13cm/min (1 ml/min), slow desorption contributes little
the plot for Dil, and the best-fit parameters to the tetracene to zone broadening, which is primarily contributed by fhe
data are shown ifiable 2 These data were obtained for the term. The slow desorption does sharply limit the speed of
same column, mobile phase conditions, and temperature aghe separation by virtue of the large value@fand this is
for Dil. The Cterm is clearly lower for tetracene, supporting evident in the van Deemter plot.
the notion that slow desorption from strong sites contributes  We previously reported two much longer desorption pro-
significantly to theC term for Dil. cesses of 7 s and 4 min for Dil using the same silica gel, and

To use theC term obtained from the tetracene data to iso- showed that these two processes occurred on fused silica
late the mass transfer for Dil due only to strong adsorption, [28]. These studies showed that the two very slow desorption
one has to derive an appropriate expression that accountprocesses were associated with very slow adsorption rates.
for multiple broadening processes. Giddings derived an ex- The simulations of this present paper indicate that these very
pression forC using the random walk model when there is slow desorption processes contribute negligibly to the chro-

one type of adsorption site, where the desorption timés matographic zone, presumably due to the slow adsorption
Table 2
Summary of data from van Deemter plots and retention r&)ofqr Dil and tetracene as eluted under the same conditions
A (cm) B (cré/s) C (min) R
Dil 6.9 x 104 +1 x 104 14x 10°%+ 4 x 1076 54x 10%+ 2 x 1076 0.035

Tetracene 8.7% 1074 2 x 10°° 3.4 x 10°° 0.65
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rates. Sites populated after equilibration times much longer of 5 ml/min. At a flow rate of 1 ml/min the slow desorption

than those of HPLC are thus not necessarily relevant to tail- process contributes only slight, symmetric broadening of

ing. They could, however, be relevant to other processes,the zone. These chromatographic findings parallel those of

such as memory effects or low recovery of sample. single-molecule spectroscopy experiments for similar sys-
A similar compound, which differs only in having longer tems that used fused silica rather than silica gel, which sup-

alkyl chains, was studied by single molecule fluorescence ports the notion that fused silica can be used as a model

spectroscopy on {g modified fused silica. The molecule substrate for chromatographic silica gel.

used for the fluorescence studies was Dil witlg €hains in-

stead of G, chains: 1,%dioctadecyl-3,3,3'-tetramethylin-

docarbocyanine perchlorate versus’-ditlodecyl-3,3,3'- Acknowledgements
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