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Abstract

The loading capacity of rod monolithic C18 columns was found to be sensitive to the injection volume, but essentially insensitive to the
mass loading for a separation of oligostyrenes. When rod monoliths were coupled in series the injection volume loading increased, as too di
the resolution of the oligomers, but at the expense of separation time. The volume load capacity of these serially connected monoliths wa:
however, not directly proportional to the number of columns connected. The volume load capacity was, however, directly proportional to the
number of columns when the monoliths were connected in parallel and the flow stream split between each of the monolithic channels. Whel
the number of monoliths in each channel equaled the number of monoliths that were connected in a single channel serial system the pe:
capacity and retention time was equivalent for both systems, but the volume load capacity of the parallel system was twice that of the seria
connection each time the number of channels doubled. The results of this study indicate that parallel connection of rod monolithic columns
may be useful for preparative scale and multidimensional separations where it is important that the volume load capacity is high.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction All separations in chromatography would benefit from
high resolution, high column capacity, fast separations, and
With the ever-increasing demand placed upon the ana-low back-pressures. These attributes would be greatimprove-
lyst to increase the speed of separation and analysis thements in terms of isolation purity and increased sample
chromatographer seeks higher flow rates. The chromatog-throughput. One way of reducing back-pressure is to employ
rapher’'s bane, however, is the limitation associated with monoliths[1]. It is well known that the efficiency of sep-
high back-pressures. Furthermore, we tackle more and morearation on a rod monolithic column does not suffer the
complicated samples and in doing so either longer columnssame detrimental separation performance that is observed in
are required, which is further detrimental to the speed, or packed columns, and as the flow rate increases the compara-
we remain dissatisfied at our limitations in peak capacity. tive increase in back-pressure is only a fraction of that on a
The same problems face preparative scale high performanceacked column of the same length. Therefore, the use of rod
liquid chromatography (HPLC), except here overload con- monoliths in HPLC seems to be an obvious advantage.
ditions, while increasing the sample capacity, lead to fur-  Multidimensional separation techniques at both the ana-
ther reduction in peak capacity. In order to maintain high lytical [2—4] and preparative sca|B] are becoming increas-
flow rates often the particle diameter is increased, but at theingly popular. These methods of separation offer increased
expense of resolution. peak capacity by virtue of the expanded two-dimensional
separation space. In some instances, a two-dimensional sep-
* Corresponding author. Tel.: +1 513 482 2838; fax: +1 513 482 2868,  aration can be so designed such that it is tailored specifically
E-mail address: jmacartist@aol.com (P.J. Slonecker). to the isolation or analysis of a target compoUyisfd Hence,
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the speed in separation can be gained without the subseapproach is conceptually applicable to any phase, the phase
quent requirement of high flow rates, and hence low back- must have the three properties of high resolution, low back-
pressures can be maintained. Having said that, however, nopressure, and fast separation. This approach has been used in
all two-dimensional separations are specifically orientated the current study and we illustrate that the sample capacity
towards target compounds. Many two-dimensional separa-and peak capacity can in fact be both increased through the
tions involve the comprehensive analysis of a sample matrix application of serial and parallel linked monolithic columns.
[4]. In order to maintain an ordered two-dimensional separa-

tion the speed in the second dimension must be fast enough

so that components heart cut from the first dimension do not2. Experimental

undergo co-elution in the second dimension as a consequence

of the wrap around effect. Hence, the problem is once again2.1. Chemicals

alimitation in back-pressure in the second dimension as flow

rates are increased in order to maintain maximal resolution HPLC grade methanol and dichloromethane was obtained
following a sufficient number of heart cutting sequences from from Labscan Scientific Australia. Polystyrene standards
the first dimension. The obvious answer is to incorporate with molecular weights of 58:butyl) Daltons were pur-
monoliths into the second dimensip4. chased from Polymer Laboratories. ChromdithPerfor-

It is well known that monoliths suffer from a two impor- mance RP-18e monolithic columns, 100 nyd.6 mm were
tant limitations. The first being it is difficult to manufacture purchased from Merck KgaA, 64271 Darmstadt, Germany.
large volume solid rod monolith]. Secondly, monoliths
are subject to sample overload as a function of injection vol- 2.2. Equipment
ume[7]. While this may not be of significance to analytical
scale HPLC, it is very important to two-dimensional HPLC The HPLC system used for study was a Waters LC system
because it restricts the volume that can be heart cut fromincorporating a 717plus autosampler, a 600-pump and con-
the first dimension to the second dimension that employs thetroller and two 2487 dual wavelength detectors. The system
monolith. Furthermore, if the rod monolith could be made in was controlled by Waters Milleniufd 4.00 software.

a sufficient size for preparative scale separation, the limited
injection volume would reduce the productivity in separation 2.3. Chromatographic separations
for samples that were concentration limited.

An alternative approach that potentially overcomes the  Polystyrene standards were prepared in 100%
limited volume load capacity of a monolithic column is dichloromethane at concentrations noted in the text.
through the serial linkage of an array of monolithic columns. All separations were conducted using a 100% methanol
However, limitations still exist in meeting the high column mobile phase, which was sparged continuously with helium.
capacity requiremenitL,6,8]. Nevertheless, if this type of As the solvent injection plug solvent was substantially
process is employed as the second dimension of a two-stronger than that of the mobile phase, as is common in
dimensional system, the limitation in peak capacity is almost polymer chromatography, sample load is limited due to
unimportant, since each heart cut section to the secondpolymer solvation effects in the solvent plug, which increase
dimension contains only a fraction of the components of the as the injection volume increases. This solvation effect
entire sample that otherwise would have been analysed inserves as a useful indicator as to the advantage of the
a one-dimensional mode. Such an approach could feasiblyparallel column design, highlighted later in the text. Flow
be employed even with particle packed columns in situa- rates varied in order to maintain a constant elution time
tions were transfer volumes are limited due to immiscibility and the exact flow rate of any system is noted in the text.
between solvents in each dimension, such as normal phase€olumns were connected in a manner that minimized dead
reversed phase two-dimensional HPLC. volume. Column temperature was ambief1°C. Injection

While studying channel capacity limitations with large volumes varied and are also noted in the text. UV detection
signals and parallel channel applications in communication was set at 262 nm. Duplicate injections were performed for
theory, also known as information theory (IT), it was real- each experiment, except for the reproducibility data, which
ized that the IT concepts used in splitting or multiplexing was repeat six times for each column.
large signals over multiple channels were applicable in chro-
matography separatiofig,10].

Therefore, an HPLC experiment was designed using sin- 3. Results
gle, serially linked, and parallel linked monolithic columns
to see if the initial contents of a temporarily overloaded 3.1. Single channel, single monolithic columns
column could be multiplexed into additional channels, sepa-
rated, and then recombined without loss of analyte resolution. A 5plL injection of the polystyrene standard solution
If successful, this would effectively simulate a single high (2 mg/mL) on to a C18 monolithic column (10 cm in length)
capacity monolithic column of a selected phase. Although the is illustrated inFig. 1 In total, there are 10 oligomeric bands
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there is some peak distortion for the eighth oligomer, which
0.04r 5 is due to the partial separation of the diastereoisomers.
As the injection volume of the sample was increased from
0.0 5 to 20p.L the resolution between the oligomers decreased
6 markedly, especially for the 30L injection. This is illus-
trated inFig. 2 A slight degree of resolution is lost between
the early eluting oligomers as the injection volume increased
7 from 5 to 10uL, but this was very minor. A more signifi-
0.01 8 cant reduction was observed atjd, while the resolution is
U 9 clearly unsuitable at 2@L.
Despite the monolithic column being sensitive towards
T S S N S injection volume, there was very little, if any, change in the
© 2 4 6 & 1012 14 resolution as the mass load was increased. Injectionsof.10
Retention Time (min) of the polystyrenes at concentrations from 1 to 40 mg/mL
Fig. 1. Separation of-butyl polystyrene oligomers on a C18 monolithic col- W_ere tested, as |Ilustra_1ted ifig. 3. The most Slgr_"flcant .
umn (100 mmx 4.6 mm). Mobile phase 100% methanol, flowrate2mL/min,  difference across the five sample loads was an increase in
injection volume FuL, sample concentration 2 mg/mL. retention as the mass load increased, even this was, however,
slight.
observed. These are labeled 2—12 in accordance with the These types of retention behaviour on monolithic
degree of polymerisation. The last band is, however, barely columns, that is, the volume sensitivity and mass insensitiv-
visible above the baseline, and as such the practical peakty, have been observed by other workgtls Such a problem
capacity of this isocratic separation is in the order of ten. is particularly important for the widespread application of
Baseline resolution is observed between all oligomers andmonoliths as it limits their ability to be used in what we
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Fig. 2. Separation of-butyl polystyrene oligomers on a C18 monolithic column (100 sash6 mm). Injection volumes: pL (%fraction of void=1.53),
10pL (%fraction of void =3.06), 1L (%fraction of void =4.60) and 2QL (%fraction of void =6.12) as noted. Mobile phase 100% methanol, flow rate
2 mL/min, sample concentration 2 mg/mL.
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the number of parallel flow channels. The ability to couple
monoliths rather than conventional packed particle columns
stems from the vastly increased permeability of the monolith.
Hence, columns can be stacked in series with substantially
less back-pressure. Splitting the flow stream results in an
overall reduction in flow through each of the parallel streams,
butthe flow rate can be increased in order to maintain constant
elution time. These column formats are illustratedrig. 4,
which illustrates the case of a single monolithic column, two
serially coupled monolithic columns, four serially coupled
monolithic columns, two parallel flow streams each of which
S S R P S contain two serially coupled monolithic columns, and four
0 2 4 6 8 10 12 14 - . "y
Retention Time (min) parallel flow streams_ each contqmmg asingle mopollth|c col-
umn. Each of these five flow regimes were tested in the course
- of this study and the results are presented following. In the
1.0 40 mg/mL case of the parallel flow streams, we have maintained systems
that contain four monolithic columns in all cases.
0.8F Using this approach to increase peak capacity and sample
i load capacity does, however, rely significantly on the repro-
ducibility of the manufacture of the individual monolithic
columns. Following the splitting of the sample through paral-
lel columns the flow may be required to re-converge through
a single outlet. Band broadening as a result of column-to-
column variation may be significant and as a result decrease
the effectiveness of this separation approach. With this in
L mind we undertook a very basic test of column-to-column
0 2 4 6 8 10 12 14 reproducibility. This test was in no way as intensive as those
Retention Time (min) undertaken by Kele and Guiochdfil], but nevertheless
] ) ) - servedtoillustrate the degree of retention reproducibility that
Fig. 3. Separation oé-butyl polystyrene oligomers on a C18 monolithic o o yained in our system. In total four monolithic columns
column (100 mmx 4.6 mm). Injection volumes 10L of a 1 and 40 mg/mL . . i
standard as noted. Mobile phase 100% methanol, flow rate 2 mL/min. were employed. The reproducibility of the oligomeric sep-
aration was tested using aphk injection of a 40 mg/mL
consider could be the two most important avenues of chro- sample. The results ifable 1show the injection-to-injection
matographic separation where their speed of separation couldeproducibility on each of the monolithic columns and the
be most significant. That is: (1) preparative scale separations,column-to-column reproducibility. The results depicted in
where the speed of separation on monoliths would lead to Table lonly include the oligomers=2-7 because the peak
increases in production rate and (2) multidimensional separa-splitting that occurs as a result of the partial isomer separation
tions, where high speed of separation in the second dimensiorfor oligomer eight and above biases the result. In general, the
could quite literally be the difference between being able to column-to-column reproducibility resulted in a relative stan-
undertake a comprehensive analysis or not. In both these sepelard deviation that was up to twice that of the RSD observed
aration modes the injection volume is an important aspect for most injection-to-injection reproducibility tests. Hence,
of the method of analysis. In preparative chromatography band broadening is expected as a result of the flow stream
large injection volumes are required to maximise sample load splitting, but its significance will be shown to be largely less
and overcome solubility limitations of the sample. While in important than would have been expected.
multidimensional separations, heart-cut volumes could vary
from 50uL to more than 1 mL, depending on the separation 3.2. Single channel, multiple monolithic columns
problem. Quite obviously these types of sample load regimes
would negate the use of the monolith. As the number of monolithic columns that were serially
This brings us to the concept of the present study. Here, coupled increased, the resolution, as expected increased. This
we propose that in order to increase the capacity, both in can be easily observed by evaluating the baseline separation
regards to the peak capacity and the sample load capacitybetween oligomers, and also by observing the increase in the
that monoliths could be coupled serially and/or in parallel. partial separation of the isomers for the oligomer 8 as labeled
A serial couple increases the number of theoretical plates,in Fig. 5 Hence, the peak capacity of the system has increased
whichis directly related to the resolution, while a parallel cou- as a result of coupling columns. Likewise, at constant flow
ple effectively allows splitting of the flow stream and hence rate, the separation time increased in accordance with the
a decrease in the apparent sample load in accordance witmumber of serially coupled columns. That is the retention
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Fig. 4. lllustration of the coupling of columns in series and in parallel.

time for a two-column system was twice that of a single col- could be applied to the column at which point overload (as
umn system etc, although flow rates of 8 mL/min through defined inFig. 2) became significant increased as the num-
a four-column section (40 cm bed length) were not possible ber of 10-cm sections increased. However, this increase was
due to high pressure shut down in the systé&img. 5illus- not uniform as the peak broadening was observed for the
trates the separation of the oligomers on a single monolithic 40puL injection volume Fig. 6b), which resulted in peak
column Fig. 5a) in comparison to the four serially coupled splitting for the 60 and 8QL.L injection volumes Fig. 6¢c and
monoliths Fig. 5b). In each case, the separation remained d, respectively). This is most easily observed for the lower
insensitive to the mass load, but was sensitive to the vol- order oligomers for which isomer resolution has not been
ume load as shown by the separations illustrateBig 6 apparent. We believe this peak splitting was a result of sam-
where the injection volume is increased from 15 tou80 ple break through caused by the sample being dissolved in
on the four serial column system. The injection volume that a stronger solvent (dichloromethane) than the mobile phase

Table 1
Mean retention times, and relative standard deviations and resolution values (Rs) of the oligostyréléy eluting from the four monolithic columns

Oligomer Column 1 meaR; (min) Column 2 mea®; (min) Column 3 meamR; (min) Column 4 meaR; (min) Average overall meaR; RSD

(Rs) (six repetitions) (Rs) (six repetitions) (Rs) (six repetitions) (Rs) (six repetitions) (min) (Rs) (four columns) (%)

Void 0.33 0.33 0.32 0.32 0.33 141

2 1.15 1.15 1.14 1.15 1.15 0.45
(1.92) (1.91) (1.83) (1.69)

3 131 1.32 1.30 131 1.31 0.49
(2.01) (1.90) (1.95) 1.77)

4 1.52 1.53 151 1.52 1.52 0.51
(2.11) (2.07) (2.04) (1.87)

5 1.79 1.80 1.78 1.80 1.79 0.55
(2.12) (2.06) (2.05) (1.95)

6 2.16 2.18 2.13 2.16 2.16 0.85
a a a a

7 2.64 2.66 2.61 2.63 2.64 0.85
a a a a

@ Data not included because diastereoisomer separation skews oligomer peak to peak resolution.
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4 6 8 10 12 14
Retention Time (min)

i 1 i 1 i
10 15 20 25 30 35 40
Retention Time (min)

at 1.15 (value rounded up) and 1.14 (value rounded down)
min, while for columns 3 and 4 elution occurred at 1.15

(value rounded down) and 1.15 (value rounded down) min,
08 respectively. Consequently when the system was separated
§ oe'- into dual channels columns from each group were used in
> each channel. That is columns 1 and 3 formed channel 1 and
% 04' columns 2 and 4 formed channel 2. In this manner, the abil-
£ ity to reunite the flow streams with minimal band broadening
02 was improved. Obviously as the number of channelsincreases
and the number of columns in each channel increases such

fortuitous column assignment may be less likely and band
broadening may become an issue. At any rate, the separation
of the oligostyrenes on this dual channel system is shown in
Fig. 7. The two chromatograms depicted kig. 7 are col-
lected from detectors located in each respective channel. The
overlaid chromatograms illustrate that there is virtually coin-
cident elution of each component from both channels and
hence virtually no band broadening would result from the
splitting of the flow stream through the two respective chan-
nels. The retention time and resolution of the oligomers is
exactly equivalent to the single channel two-column system,
however, the volume sample load is twice that of the single
channel two-column system. Furthermore, the sample load
(at the volume where overload is beginning to be observed
as defined irFig. 2) is greater than the single channel, four-
column system (6Q.L), as no peak splitting was observed
because effectively 30L was applied to each channel. An
additional advantage was that the separation was achieved in

] ) ) ) half the period of time. Some very slight band distortion is
Fig. 5. Separation oh-butyl polystyrene oligomers on (2) a single C18 0 e for the higher order oligomers at this sample load,
monolithic column (100 mnx 4.6 mm) and (b) four serially coupled . . !
C18 monolithic columns (total bed length 400 mm). Mobile phase 100% Putthis has notappeared to affect the separation. Of course, if
separation time is considered an unimportant factor, the peak
capacity of the single channel, four-column system exceeds
that of the dual channel, two columns per channel system
(methanol) (this peak splitting is not to be confused with the as long as sample load is not important and small injection
diastereoisomer resolution apparent for oligomer 6 and aboveyolumes can be employed. The difference between these sys-

in Figs. 5b and 6pa As a consequence serial connection of tems becomes more important as the sample volume load
monolithic columns did not allow for an increase in sample increases.

load as a simple function associated with the sum of each
individual section.

methanol, flow rate 2 mL/min, injection volume f, sample concentra-
tion 40 mg/mL.

3.4. Quad channel, single monolithic columns per
channel
3.3. Dual channel, multiple monolithic columns
As we only had access to four monolithic columns, the

The dual channel system contained two columns in eachQuad channel system contained only a single monolith in
channel, a total of four columns. Flow stream from the injec- each channel. Nevertheless, this is sufficient to illustrate the
torwas diverted via a Tee piece to each channel using identicalapplication of flow splitting and the subsequent effect on peak
pieces of pre column tubing. At the column outlet the flow capacity and volume load capacity. In this system, flow was
streams were reunited in the reverse manner. The total flowsplit through three Tee pieces located between the injector
rate was doubled to correspond to a 50% splitting in the and each channel. Identical pieces of pre-column tubing were
flow rate through each channel, thereby maintaining a con- used to minimise variation. The total flow rate was increased
stant elution time. The results of the column reproducibility four fold over that for a single column system in order to
depicted iriTable lillustrate the degree of column-to-column  maintain constant elution time. As we were unable to reunite
reproducibility. In addition they show that in this group of the flow due to a lack of a sufficient number of Tee pieces
four columns there were essentially two pairs of columns we instead monitored the detection at each charitigl.8
that had very similar retention behaviour. That is the reten- illustrates an overlay of the detection responses recorded for
tion of oligomer 2, for example, on columns 1 and 2 eluted the oligostyrenes eluting in each of the four respective chan-
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Fig. 6. Separation of-butyl polystyrene oligomers on four serially coupled C18 monolithic columns (total bed length 400 mm). Mobile phase 100% methanol,
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Fig. 8. Separation of-butyl polystyrene oligomers on a quad channel, 1 col-
Fig. 7. Separation of-butyl polystyrene oligomers on a dual channel, 2 umn per channel coupled C18 monolithic system. Chromatograms illustrate
columns per channel coupled C18 monolithic system. Mobile phase 100% the elution profiles observed from the four separate channels. Mobile phase
methanol, flow rate 4 mL/min, injection volume gQ, sample concentration 100% methanol, flow rate 8 mL/min, injection volume 4D (%fraction of
10 mg/mL. void = 3.06), sample concentration 10 mg/mL.
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0.4- increase in retention associated with the increase in column
length would adversely affect the ability of the monolith to
be employed in the second dimension of a multidimensional
system.

Another way to increase the sample load capacity is to
divert flow through multiple monolithic channels. The load
capacity effectively doubles as the number of channels dou-
bles. Hence, for two systems that contain an identical bed
length, but one contains four channels, the resolution (peak
capacity) and separation time will be exactly equivalent (pro-
vided the flow rate through each section is held constant).

However, when these systems are operated at maximum vol-
o T T4 e s o 1o ” ume sample load the four-channel system will allow for an
Retention Time (min) increase in sample load by a factor of four times that of the
single channel.

The scope for maximising sample load can be fur-

ther increased through the multi-channel system by simply

0.3

Intensity (AU)

Fig. 9. Separation ot-butyl polystyrene oligomers on a quad channel, 1
column per channel coupled C18 monolithic system. Chromatogram illus-
trates the elution profiles from a single channel only. Mobile phase 100%

methanol, flow rate 8 mL/min, injection volume §0, sample concentra-  increasing the number of columns (or column length) in each

tion 40 mg/mL (%fraction of void = 4.60). channel. Atthat pointin time, the multi-channel system vastly
outperforms the single channel system.

nels. The injection volume was 44, which was below that A disadvantage of the multi-channel system may be seen

set for the onset of the sample volume overload conditions in the band broadening associated with the re-converging of
for a four-column system in accordance with the results in the flow streams. However, in preparative chromatography

Fig. 2 Three of the channels overlaid almost perfectly, while the aim is rapid isolation. Detection across all channels is

the forth was quite distinctly different and surprisingly notin not essential, rather one channel could be monitored and at
agreement with the anticipated results from the reproducibil- the appropriate time each flow stream through the respective
ity data given inTable 1 This probably indicates thatthe flow  channels could be diverted to a collection vessel. In the case
streams are not ideally split such that equal volume flow rate of multidimensional analysis, it is not essential also that the

is established along each channel and is undoubtedly relatedlow streams reconverge as an analysis could be performed
to the permeability of each monolith. In accordance with the on a single stream, that is unless the dilution of the flow as

Dual channel, two columns per channel system, volume over-a result of stream splitting introduces a detection sensitivity

load was obtained at L. The advantage of the fourchannel issue.

systemwas, however, that the elution time when volume over-

load is initially observed (i.e. peak capacity equal between

each of the three systems) is half that of the dual channel sys5. Conclusion

tem. The corresponding chromatograph at volume overload

(60wL) (illustration from one of the four channels only) is Serially linked, parallel linked, and parallel serially linked
illustrated inFig. 9. In comparison td-ig. 7, we clearly see  combinations of rod monolithic C18 HPLC columns were
the reduction in retention time. studied as a function of injection volume and mass load-

ing to explore the concept of a multi-channel serially linked

rod monolithic C18 HPLC column as a single preparative
4. Discussion rod monolithic C18 HPLC column. The chromatographic

behaviour of these linked monolithic columns was examined

Increasing the peak capacity (hence resolution) in a sys-by analysing oligostyrene standards with four combinations

tem can be achieved by increasing the column length. In theof linked ChromolitHM RP-18e columns: single channel,
case of monolithic columns, which are sensitive to the vol- single monolithic columns; single channel, multiple mono-
ume load, the increase in column length also increases thdithic columns, dual channel, multiple monolithic columns;
volume load that can be achieved, but this is not simply a and quad channel, single monolithic columns.
summation function as factors such as sample break through Higher peak capacities and higher sample load capacities
from the injection plug ultimately limit the maximum injec- were observed when the initial contents of a single temporar-
tion. Hence, sample load is not directly related to the column ily overloaded rod monolithic HPLC column were diverted
length. Furthermore, increasing the column length in order into additional parallel serially linked channels. In addition,
to increase sample load has an adverse affect on the retentiothe high speed of separation and low back-pressures typi-
time and such a system, if it were to be applied in preparative cal of rod monolithic HPLC columns were preserved. Some
chromatography, would prove to be detrimental to the pro- band broadening was seenwhen reconverging flow streams of
duction rate. Likewise both the limited load volume and the multi-channels depending on the column configurations and
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