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Mechanism of retention loss when C8 and C18 HPLC columns are
used with highly aqueous mobile phases
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Abstract

We describe investigations into the cause of retention losses encountered when C8 and C18 HPLC columns are used with highly aqueous
(>90% water) mobile phases. A procedure for quantifying these losses is described, involving stopping and restarting the flow. This procedure
was used to study the dependence of retention loss on the pore size, surface concentration, and chemical structure of the bonded phase.
Experiments were also carried out to determine how to restore the original retention of the columns by changing the composition of the mobile
phase, or by increasing the pressure applied to the column. The results are shown to be consistent with a mechanism based on the theory of
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ore filling by non-wetting liquids, as employed in Mercury Porosimetry. The retention losses are attributed to the highly aqueo
hase being forced out of the pores when the flow is stopped and the pressure released. Retention is lost because the mobile

onger in contact with the interior surface of the particles, where most of the surface area is located. The implications of this pheno
aximizing the reversed phase retention of polar analytes are discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Reversed-phase high-performance liquid chromatography
RP HPLC) is often carried out using mobile phases contain-
ng high water concentrations in order to retain polar ana-
ytes that would otherwise elute in the void[1]. However,
here have been many reports of anomalous behavior when
8 and C18 columns are used with highly aqueous (>90% wa-

er) mobile phases[2]. These anomalies have most often been
ttributed to aggregation of the bonded hydrocarbon chains

n the presence of highly aqueous mobile phases, rendering
hem inaccessible to analytes[3].

In 1997, we suggested an alternative explanation for the
oss of retention following stopping and restarting the flow
hen using highly aqueous (>90% water) mobile phases[4].
his explanation, extrusion of the mobile phase from the
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E-mail address:Tom Walter@Waters.com (T.H. Walter).

pores of the particles, was based on the observation th
tention losses were dependent on the pore size of the bo
phase, and that column pressure was a key variable
tial accounts of these results have been reported[5,6]. The
same theory has been applied to explain retention loss
reversed-phase solid phase extraction that occur when th
bent bed dries out after conditioning[7]. Similar observation
have since been published by other workers[8–11], although
in some cases different explanations have been propos
account for the results. Reid and Henry[8] attributed retentio
losses to the folding of stationary phase alkyl chains. R
ring to retention losses after stopping and restarting the
Bidlingmeyer and Broske[11] state that “the main drivin
force is the formation of interfacial structure of the aque
mobile phase onto the stationary phase.” In this report
describe a procedure to measure retention losses cau
stopping and restarting the flow when using highly aque
mobile phases. This procedure was used to study the d
dence of retention loss on pore size and the surface
centration and chemical structure of the bonded phase
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.04.039
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also report two methods for restoring retention: by increasing
the organic content of the mobile phase, and by increasing
the pressure applied to the column. The results are shown to
strongly support the mobile phase extrusion mechanism. We
also discuss the implications of this mechanism as they relate
to maximizing the reversed phase retention of polar analytes.

2. Experimental

2.1. Apparatus

Elemental analyses were performed using an Exeter An-
alytical (North Chelmsford, MA, USA) model 240XA CHN
analyzer. Specific surface areas (As), specific pore volumes
(Vp), and average pore diameters (Dp) were measured using
the multipoint nitrogen sorption method, employing a Mi-
cromeritics (Norcross, GA, USA) ASAP 2400. TheAs val-
ues were calculated using the multipoint BET method, theVp
values were determined at a single point forP/P0 > 0.98, and
theDp values were calculated from the desorption leg of the
isotherm using the BJH method. Bonded phase surface con-
centrations were calculated using the equation of Berendsen
and de Galan[12].

2.2. HPLC analysis conditions
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experiments conducted using 0, 5, and 10% methanol mobile
phases. Three replicate injections were made to determine
the retention times, and the average values were used to cal-
culate the retention factors. After the initial sample injections
the flow rate was reduced to 0 over a 4 min period and main-
tained at 0 for 1 h unless specified otherwise. After this period
of flow stoppage the flow was reestablished to 1 mL/min over
a period of 15 s. After about 1 min, three replicate injections
were made to determine the retention times, and the average
values were used to calculate the retention factors. This se-
quence was performed first using the 100% pH 6 K2HPO4
mobile phase, followed by the mobile phases containing 5 and
10% methanol. The percent retention loss was calculated us-
ing the difference in the retention factor of each probe before
and after flow stoppage relative to the initial retention factor.

2.4. Chromatographic protocols for restoring retention

To determine the efficacy of using pressure as a means
of restoring retention after flow stoppage, the column back-
pressure was increased by incrementally increasing the flow
rate. The retention loss protocol described above was fol-
lowed using only the 100% aqueous mobile phase and a flow
stoppage time of 10 min, which was determined to be a suf-
ficient amount of time to cause complete retention loss for
the bonded phase used in this study. Once the retention loss
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Waters Corp. (Milford, MA, USA) ExpertEase V3.2 Ch
atography Manager software was used for instrument

rol, data acquisition, and processing. The chromatogra
ystem consisted of the following Waters componen
odel 600 solvent delivery system, a 490E programm
avelength absorbance detector set to 254 nm, and a 71
utoinjector. Column temperature was maintained usi
uramark (Mt. Prospect, IL, USA) Mistral thermostated
mn oven set to 25◦C. A flow rate of 1 mL/min was use

hroughout the test procedure except where noted fo
igh-pressure rewetting experiments. The sample cons
f 100�g/mL sulfanilamide and 100�g/mL procainamid
repared in 80/20 (v/v) D2O/methanol. The injection volum
as 10�L. Retention factors were calculated from the a
ge retention times of three replicate injections using D2O as

he void marker. The mobile phases were 20 mM K2HPO4
pH 6.00) neat or combined with 5 or 10% (v/v) methan

.3. Chromatographic protocol for determining
etention loss

The column was equilibrated for 30 min at 1 mL/min
00% methanol, then 50/50 methanol/water, to assure
lete wetting of the stationary phase and to prevent the pr

tation of the pH 6 phosphate buffer, respectively. The col
as then equilibrated for 30 min in the pH 6 phosphate
ile phase prior to making three injections of the sample.
un times were sufficiently long to elute all sample com
ents and were typically 60 min, 20–25 min, and 10 min
as determined after stopping the flow and restarting
mL/min, the flow rate was increased to 1.5 mL/min
eld for 30 min prior to performing three replicate injecti
f the sample to reassess retention loss. This sequenc
epeated using 2.0, 2.5, and 3.0 mL/min flow rates.

A similar approach was used to determine the minim
methanol that was required to restore retention on the18
bonded phase after flow stoppage in the 100% aqu
obile phase. Once the retention loss was determined

topping the flow and restarting it at 1 mL/min, the colu
as equilibrated in 10/90 methanol/water (v/v) at 1 mL/

or 30 min prior to reequilibrating the column in the 10
queous pH 6 mobile phase. Three replicate injections
ade to reassess retention loss.
This sequence was repeated using 20/80, 30/70, 40/6

0/50 (v/v) methanol/water mobile phases prior to reas
ng the retention loss in the 100% aqueous mobile phas

.5. Reagents and materials

The 9.2 nm pore diameter silica used for many of the s
les was 5.0�m Symmetry silica (Waters Corp.). The larg
ore size silica samples were obtained by hydrothermal
nlargement of this silica[13]. All bonded phases were pr
ared using chlorodimethyl silanes, and were endcapped

rimethylsilyl groups. The high surface concentration bon
hases were prepared using an excess of silane rela

he amount that reacts with the silica. The reduced su
oncentration C18 materials were prepared using stoich
etric amounts of n-octadecyldimethylchlorosilane (S
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Table 1
Properties of the bonded phases used in this work

Material % C1a % C2b Surface concentration
(�mol/m2)

Before bonding After bonding

As (m2/g) Vp (cm3/g) Dp (nm) As (m2/g) Vp (cm3/g) Dp (nm)

C18 A 19.18 19.37 3.21 332 0.878 9.3 136 0.310 6.7
C18 B 13.64 13.68 3.50 203 0.868 15.5 114 0.517 12.1
C18 C 10.50 10.67 3.41 145 0.838 21.5 91.2 0.578 17.5
C18 D 9.55 9.61 3.53 128 0.831 24.5 85.1 0.609 19.9
C18 E 12.91 14.22 2.00 319 0.839 9.1 184 0.467 7.0
C18 F 14.34 15.42 2.30 319 0.839 9.1 170 0.444 6.9
C18 G 16.64 17.36 2.62 337 0.880 9.3 155 0.425 7.1
C18 H 17.50 18.07 2.80 337 0.880 9.3 143 0.394 7.1
C18-carbamate 21.09 21.36 3.07 344 0.861 9.1 106 0.274 6.5
C8 11.24 11.61 3.41 329 0.860 9.3 201 0.513 6.7

a Carbon content (w/w) after C18 or C8 bonding.
b Carbon content (w/w) after endcapping.

Labs, Scotia, NY, USA). The structure and preparation of
theN-octadecylcarbamate (C18-carbamate) bonded phase has
previously been reported[14]. The carbon contents, surface
concentrations, surface areas, pore volumes, and average pore
diameters of the materials used in this work are summarized
in Table 1. All materials were packed into 150 mm× 3.9 mm
stainless steel columns using proprietary high-pressure slurry
packing procedures. All reagents and solvents were used as
received.

3. Results

3.1. Quantifying retention losses

It has been reported that retention times decrease gradu-
ally when some RP columns are used with highly aqueous
mobile phases[8]. However, we observed no change in re-
tention when using a column containing a high surface con-
centration C18 bonded phase (material C18 A in Table 1) with
a completely aqueous mobile phase over 20 h of continuous
operation. But when the flow was stopped, then restarted,
we observed almost no retention. When mobile phases con-
taining more than 10% (v/v) methanol or acetonitrile were
used, this retention loss was not observed. Based on this ob-
s loss
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We investigated the kinetics of retention loss by varying
the time during which the flow was stopped. For high surface
concentration bonded phases (C18 A and C8 in Table 1), we
found that retention loss was constant after 10 min. For a C18
bonded phase with a surface concentration of 2.00�mol/m2

(C18 E), however, the retention factor continued to decrease
after 9 h. In the experiments described below, we used a 1 h
flow stoppage, unless noted otherwise.

In addition to a decrease in retention for the initially re-
tained analytes, we also observed a decrease in the elution
time for the void marker, D2O. For a 150 mm× 3.9 mm
column containing bonded phase C18 A, the void vol-
ume decreased from 1.24 to 0.95 mL. This 0.29 mL vol-
ume change is similar to the volume of mobile phase
contained within the pores of the particles in the col-
umn (1.0 g/column× 0.31 mL/g = 0.31 mL/column). For a
column containing bonded phase C18 E, with a C18 surface
concentration of 2.00�mol/m2, a smaller change in void vol-
ume (0.08 mL) was found. This material also shows a smaller
retention loss after flow stoppage (18% after 1 h; see below).
McCormick and Karger[15] have reported similar changes
in the elution time for D2O when a C8 column was used with
a 100% water mobile phase.

3.2. Dependence of retention loss on pore size
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ervation, we devised a procedure to quantify retention
aused by stopping and restarting the flow using highly a
us mobile phases. The column (150 mm× 3.9 mm) was firs
onditioned with 100% methanol followed by 50/50 (v
ethanol/water for 30 min at 1 mL/min, then equilibra
ith the highly aqueous mobile phase for 30 min at 1 mL/m
test mixture was injected, containing sulfanilamide, p

ainamide, and D2O as the void marker. After all analyt
ad eluted, the flow was stopped for a predetermined

hen restarted at 1 mL/min. The retention loss was mea
s the difference in the retention factor of procainamide

ore and after stopping and restarting the flow, as a perce
f the original retention factor. The relative retention los
easured for procainamide and sulfanilamide were the s
ithin experimental error.
To study the dependence of retention loss on the pore
f the packing material, we tested a series of high su
oncentration endcapped C18 bonded phases prepared
ng silicas with average pore diameters ranging from 9
4.5 nm (materials C18 A–D in Table 1). The pore diame

ers after bonding were found to range from 6.7 to 19.9
his reduction in average pore size is a well-known e
aused by partial filling of the pore network with the bon
roups[16]. The dependence of retention loss after stop
nd restarting the flow on the pore size of the bonded ma

s shown inFig. 1 for three different mobile phase comp
itions. The largest retention losses were seen when u
00% aqueous mobile phase. While the retention loss
early 100% for the smallest pore size material with
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Fig. 1. Dependence of retention loss for procainamide after stopping and
restarting the flow on the average pore diameter of high surface concentration
C18 bonded phases (square symbols: 100% 20 mM K2HPO4 pH 6 mobile
phase, triangles: 95/5 buffer/methanol, diamonds: 90/10 buffer/methanol).

mobile phase, it dropped to only 8% for the largest pore size
material. This dependence on pore size has been reported by
several other workers[8,10,11].

3.3. Dependence of retention loss on C18 surface
concentration

To study the dependence of retention loss on surface
concentration, we tested a series of C18 bonded phases pre-
pared on 9.1–9.3 nm pore diameter silicas. The C18 surface
concentrations of the five materials ranged from 2.00 to
3.21�mol/m2 (materials C18 A and E–H inTable 1). All
were completely endcapped in a subsequent step. The de-
pendence of retention loss on C18 surface concentration is
shown inFig. 2 for three different mobile phase composi-
tions. Again, the largest retention losses were seen when us-
ing a 100% aqueous mobile phase. For this mobile phase,
a strong relationship is observed, with retention loss de-
creasing with decreasing C18 surface concentration. A sim-
ilar trend has been reported by Bidlingmeyer and Broske
[11].

3.4. Dependence of retention loss on chemical structure
of the bonded phase
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Fig. 2. Dependence of retention loss for procainamide after stopping and
restarting the flow on C18 surface concentration for bonded phases based
on 9.1–9.3 nm average pore diameter silicas (square symbols: 100% 20 mM
K2HPO4 pH 6 mobile phase, triangles: 95/5 buffer/methanol, diamonds:
90/10 buffer/methanol).

the C8 material showing a larger loss (84%) than the C18 A
material (20%).

3.5. Restoring retention

When retention has been lost following stoppage of flow,
the original retention may be restored by conditioning the
column with a mobile phase containing a higher concentra-
tion of methanol. To determine the methanol concentration
required to restore the original retention, we carried out an
experiment using a column containing high surface concen-
tration 9.3 nm pore diameter bonded phase C18 A. After car-
rying out the retention loss procedure described above using
a 100% aqueous mobile phase and a 10 min stoppage time,
the column showed nearly a 100% retention loss. Different
methanol/water mobile phases were then passed through the
column, starting at 10% methanol and increasing to 50%.
At each composition, the mobile phase was passed through
the column for 30 min at 1 mL/min, then the column was
equilibrated in the 100% aqueous mobile phase for 30 min
at 1 mL/min, and the test mixture was injected to determine
the retention factors of the retained analytes. The results are
shown inFig. 3. As the methanol content of the recondi-
tioning mobile phase was increased, the retention began to
return to the original value. For this 9.3 nm pore diameter
h nol
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p with
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[

ease
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To examine how retention loss varies with the che
al structure of the bonded phase, we tested three d
nt high surface concentration endcapped materials: C18 A,
8, andN-octadecylcarbamate (C18-carbamate). The chara

eristics of these materials are given inTable 1. Again, the
argest retention losses were seen when using a 100%
us mobile phase. For this mobile phase, the C18 A and C8
onded phases exhibited 98% retention losses, while the18-
arbamate bonded phase showed less than a 3% loss. T18
and C8 bonded phases also showed significant reten

osses when using a 95/5 buffer/methanol mobile phase
-

igh surface concentration C18 bonded phase, 40% metha
as required to restore the original retention. Others hav
orted that retention may be restored by reconditioning
obile phases containing about 50% methanol or aceton

8–10].
Another way we found to restore retention was to incr

he pressure by increasing the flow rate, using a 100% a
us mobile phase. To study the effect of pressure on rete
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Fig. 3. Dependence of retention loss for procainamide after stopping and
restarting the flow on methanol content of reconditioning mobile phase (for
bonded phase C18 A).

we again used a column containing high coverage 9.3 nm pore
diameter bonded phase C18 A. After carrying out the stan-
dard retention loss procedure using a 100% aqueous mobile
phase and a 10 min stoppage time, the column showed nearly
a 100% retention loss. The flow rate was then increased, us-
ing the same 100% aqueous mobile phase. At each flow rate,
the pressure was noted, and the test mixture was injected
to determine the retention factors for the retained analytes.
The results are shown inFig. 4. As the pressure increased
to 22.8 MPa (228 bar, 3300 psi), the retention was found to
increase. However, even at a pressure of 34.5 MPa, only 62%
of the original retention was obtained. When the flow rate
was reduced back to 1 mL/min, giving a column pressure of
11.0 MPa, the retention remained unchanged. The reason tha
the retention couldn’t be completely restored by increasing
pressure in this manner is because the outlet end of the col-
umn was at atmospheric pressure. To completely restore the

F g and
r
p

original retention, restriction must be added after the column
so that the outlet end of the column is maintained above at-
mospheric pressure[9,10]. Other workers have reported that
retention may be at least partially restored by applying pres-
sure[8]. However, Reid and Henry[8] note that for the col-
umn they studied, this approach was only successful if some
organic solvent (e.g. 10% acetonitrile) was in the column
during pressurization.

4. Discussion

The mechanism that we believe best accounts for these
observations is based on the theory of pore filling by non-
wetting liquids. This is the basis for a common method of
determining the pore size distribution of porous solids, known
as Mercury Porosimetry[17]. In the Mercury Porosimetry
experiment, a sample of a porous solid is evacuated, then
mercury is forced into the pores under pressure. Mercury
is non-wetting for many materials. The volume of mercury
intruded into the sample is measured as a function of applied
pressure. The pressure (�P) required to force mercury into a
cylindrical pore of radiusr is given by the Washburn equation
[18]:

�
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ig. 4. Dependence of retention loss for procainamide after stoppin
estarting the flow on pressure using a 100% 20 mM K2HPO4 pH 6 mobile
hase (for bonded phase C18 A).
t
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cosθ

hereγ is the surface tension of mercury andθ is the contac
ngle between mercury and the sample. Using this equ

he intruded volume versus pressure data may be conv
o plots of pore volume versus pore size.

The results presented above may be interpreted in a
lar way. Most C18 bonded phases are known to not be w
ed by water[19,20]. By definition, this means thatθ > 90◦.
lthough the established methods of measuring contac
les for non-wetting liquids[21] do not work for typica
hromatographic particles, a simple test for wetting
onded phase was described by Engelhardt and Mathes[22].
sample of the bonded phase is shaken with water,

n observation made as to whether the sample floats o
r is wetted and sinks. By this test, none of the mate
sed in this work are wetted by pure water. For a qu

ative estimate of the contact angle for water on C18-silica
hen this value is greater than 90◦, we must look at va
es measured for flat surfaces. Montgomery et al.[23] re-
orted a contact angle of 93◦ for pure water on a silic
late bonded with octadecyldimethylchlorosilane and
apped with trimethylchlorosilane. Maoz and Sagiv[24] re-
orted an advancing contact angle of 112◦ for pure wate
n a self-assembled monolayer of octadecyltrichloros
n glass slides. Wasserman et al.[25] reported advancin
ontact angles of 110◦ for pure water on films formed fro
lkyltrichlorosilanes (butyl and higher) on the silica surf
f silicon wafers. The latter report also noted that rece
ontact angles for these films were 10◦ lower than the ad
ancing contact angles. Another useful reference value
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Fig. 5. Calculated pressures required to force pure water into pores of dif-
ferent diameters: (—)θ = 120◦, (— - —) θ = 110◦, (- - -) θ = 100◦.

contact angle of 110.6◦ measured by Janczuk et al.[26] for
pure water on a film of paraffin. Janczuk et al. also reported
contact angles for mixtures of water with methanol, ethanol,
and propanol on a paraffin film. The methanol concentra-
tion required to wet paraffin was found to be between 20
and 40%.

Because pure water is non-wetting for the materials we
studied, it will not fill the pores unless pressure is ap-
plied. The pressure required to force water into the pores
may be calculated for different pore diameters and con-
tact angles using the Washburn equation, withγ set to the
surface tension of water (72 dyn/cm). (We have neglected
the small increase in surface tension caused by the 20 mM
phosphate buffer. Note, however, that organic additives like
acetic acid significantly lower the surface tension.) The re-
sults of this calculation forθ = 120◦, 110◦, and 100◦ are
shown inFig. 5. Below these pressures, water will be forced
out of the pores. Forθ = 110◦, the pressures required to
force water into 6.7, 12.1, and 17.5 nm pores (the average
pore diameters for C18 A–C) are 14.2, 7.9, and 5.5 MPa,
respectively.

Our interpretation of the results presented above is that
when the flow is stopped, and the pressure released, highly
aqueous mobile phases for whichθ > 90◦ extrude from the
pores of the particles. In the case that there is contact angle
hysteresis, it is the receding contact angle that should be rel-
e n no
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tector, as well as the design of the detector flow cell. This
same mechanism was proposed by McCormick and Karger
[15] to account for changes in the elution time of D2O for
a C8 column when a pure water mobile phase was used. In
addition, Fadeev and Eroshenko[27,28]have reported water
porosimetry measurements on alkyl bonded porous silicas
that demonstrate behavior in agreement with the Washburn
equation.

The evidence supporting this mechanism is: (i) the
observation that releasing the pressure causes the retention
decrease, and that retention may be recovered by applying
pressure to the column, (ii) the observation of a reduction in
void volume after flow stoppage that matches the intraparti-
cle pore volume, and (iii) the dependence of retention loss on
pore size, with larger pore materials showing reduced losses.
In the experiment where retention was partially restored for a
column containing bonded phase C18 A by applying pressure,
it was found that 22.7 MPa or higher was needed to recover
retention. This is roughly consistent with the pressures calcu-
lated for a pore diameter of 6.7 nm if the contact angle is in the
vicinity of 110◦. Further evidence that the highly aqueous mo-
bile phase is forced out of the pore network comes from mea-
surements of column weight before and after flow stoppage
[10]. The observation that smaller retention losses are seen
for reduced coverage C18 bonded phases, and bonded phases
containing carbamate groups, would be consistent with this
t th the
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onger access the interior surface of the particles, where
f the surface area is located. The only reason that rete

s obtained using the highly aqueous mobile phase b
he flow is stopped is because the column is under pres
ince the outlet of the column is close to atmospheric p
ure, the mobile phase may be forced out of the pores o
articles located near the outlet end. This could accoun
bservations of partial retention losses in experiments

nvolving flow stoppage. This will vary with the amount
estriction in the system after the column, which depe
n the diameter and length of the tubing leading to the
heory if these materials have reduced contact angles wi
ighly aqueous mobile phases. While these materials w
e expected to have lower contact angles, we have not fo
eliable method of determining these values. This mode
lso explain why increasing the methanol concentratio
0% restores the original retention. Increasing the meth
oncentration reduces the contact angle, and whenθ < 90◦,
he mobile phase is able to access the pore network. T
ethanol concentration of 40% is required to wet this18
aterial is consistent with the results of Janczuk et al.[26],

f we assume that the contact angles measured for pa
re a reasonable model for a high surface concentratio18
onded phase.

This mechanism may also explain the optical trans
ance behavior reported by Li et al.[2], since extrusion of th
obile phase from the pores creates solid/gas interface

trongly scatter light.
Although this simple description accounts for most of

esults presented above, the true situation is more com
irst, the pore structure of the particles is not made u
on-intersecting cylindrical pores, as is assumed for stric

erpretation using the Washburn equation. In the calcul
sed forFig. 5, we further simplified our analysis by assu

ng that the pores all have the same diameter. The rea
tructure of these particles is made up of a network of i
onnected pores of different sizes and shapes. The be
f such networks in Mercury Porosimetry experiments
een described by Conner and coworkers[29,30]. One poin

hat is relevant to this work is that intrusion of the non-wet
iquid into the pore network is controlled by constrictions
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the pore structure, while extrusion is controlled by the larger
openings in the network. This means that the pressure re-
quired to force the non-wetting liquid into the pore network
will be higher than the pressure at which the liquid is extruded
from the pores. This has been observed in water porosimetry
studies[27,28].

Another source of complexity arises from the mobility of
the hydrocarbon chains. Nagae et al.[10] have shown that
retention loss after stopping and restarting the flow varies
with chain length, with retention loss increasing from C30
to C18 to C8. In addition, for C18 and C30 bonded phases
they have shown that retention losses increase with increasing
temperature. Bidlingmeyer and Broske[11] reported similar
results for a C18 bonded phase. These phenomena are not
readily explained by the mechanism described above, since
the contact angle is not expected to vary with chain length
[25]. Their interpretation of this result is that the mobile phase
is more easily expelled from the pores when the temperature
is above the melting point of the alkyl chain. The temperature
dependence may be quite complex, since the surface tension,
contact angle, and surface structure all vary with temperature.

5. Conclusions

The mechanism presented above is useful for predicting
t que-
o flow
s rface
c n rel
a me-
t n
e e size
s -
c y are
n an-
a top-
p ining
p olar
g such
l give
r ded
p
n tion
o ation
e ore
s not
o the
fl s for
p

A

Dan
W ork.
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