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Abstract: A comparison in separation efficiency between conven-
tional chromatographic methods and newly devised time-pulsed
methods (driven by either negative or positive pressure) is made.
The methods are compared in terms of adsorbent amounts, solvent
volumes, separation efficiency of a binary mixture, and the total
time required for separation. It is found that alternating pressure or
pulsed methods are superior on all counts compared to the conven-
tional processes. This is supported by discussion of the principles as
well as by the provision of detailed parameters for all experiments.
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Introduction

The separation of mixtures by adsorption on chemically
inert surfaces was invented (or discovered) more than 150
years ago.' Over the past 50 years, column chromatogra-
phy methods have undergone numerous improvements.
One of the major innovations in this field was the devel-
opment of flash column chromatography as reported in
1978 by Still? (as of November 2013, this paper has been
cited more than 8048 times according to the ISI Web of
Knowledge). Other forms of column chromatography
such as dry column chromatography,® and vacuum
chromatography* have also been developed for separa-
tion. In addition, methods that change some of the physi-
cal parameters of separation and solvent flow, such as
spinning disk chromatography (Chromatotron), have been
used. In this paper, we report a new application of chro-
matography under reduced pressure with intentional time-
pulsed interruptions that have a marked effect on difficult
separations. Additionally, the technique uses less solvent
and takes less time than conventional methods. As shown
by the analysis of the principles involved, it should also be
applicable to medium- and high-pressure chromatogra-
phy, where pressure would be applied to the stationary
phase from two directions in programmed time intervals.

Results and Discussion

We compared conventional gravity chromatography,
flash column chromatography, and suction filtration chro-
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matography with a suction filtration protocol under timed
interruptions of pressure. The procedure is described in
the experimental section. The results are summarized in
Table 1, with additional details in the experimental sec-
tion. In each case, two grams of a mixture of acetanilide
(Acet) and N-methyl p-toluenesulfonamide (Nmet)
(1 gram each) (R,= 0.42 and 0.64, respectively; hexane—
EtOAc, 1:1 elution solvent) was used. These results clear-
ly indicate that the time-pulsed interruption of pressure
has a beneficial effect on the separation. In dry column
vacuum suction or vacuum liquid chromatography (refer-
ences 3 and 4, respectively) effort was made not to inter-
rupt the vacuum during fraction collection. In the case of
time-pulsed vacuum filtration, the intentional interruption
of vacuum sends a pressure wave backwards through the
separation bed. Thus the components of the mixture travel
down an active surface for time =t, and distance =d,,
then, as the pressure is interrupted, travel backwards over
a partially saturated surface, modified by the presence of
the adsorbed component, for time =t, and distance = d,.
The net effect that the pulsing has on the separation is that
the components spend more time on an ‘apparently’ lon-
ger bed of adsorbent (T =t, + 2t,and D =d, + 2d,). The
separation process is therefore the function of the initial
negative pressure, the reverse pressure gradient, the time
regime of pulsing and the change in the characteristics of
the stationary phase, caused by the adsorption of the sol-
ute (see the next section for a detailed explanation of the
theory).

From the data in Table 1, it is clear that this method is su-
perior to other forms of chromatography in terms of ad-
sorbent loading, time of separation, and the volume of
solvent used — all of which parameters are much more ef-
fective than those in the two standard methods used for
comparison.

Repetition of the original vacuum dry column method
published in 2001° produced results that were most simi-
lar to the pulsed vacuum protocol, except that it required
~20% more solvent (silica =36 g; no. of fractions = 20;
solvent =600 mL; time=14 min). This observation
makes sense as the vacuum had to be interrupted in the
original procedure for fractions to be collected. The ad-
vantages of the pulsed vacuum protocol over dry column
vacuum chromatography are the adjustability of the time
regime of the pulses and the lower volumes of solvent
used (especially at larger scales).

In addition, we have designed a method of pressure-
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pulsed chromatography that combines the principles of
flash chromatography with time-pulsed vacuum suction
filtration. The pressure is applied in one direction for
time = t,, interrupted, and reapplied in the opposite direc-
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results are shown in the last column in Table 1 for com-
parison with the vacuum pulsed protocol.

Discussion of the Principles Involved

The separation of the mixture is a function of the free en-
ergy of adsorption of the components and, in accordance
with the Van Deemter equation (Equation 1):

B
H=A+ T+C*U

Equation 1

is also a function of the velocity of flow over the adsorp-
tive surface, where H = theoretical plate height, and
u = velocity of the mobile phase. The coefficients 4, B,
and C represent, respectively, tortuosity, longitudinal dif-
fusion, and the mass transfer coefficient between the mo-
bile and stationary phases. It is the C factor, the mass
transfer coefficient, that is most significant in this applica-
tion. In time-pulsed chromatography, the additional pa-
rameters that need to be considered are the pressure
gradients and time.

Consideration of equilibrium thermodynamics allows an
equation (Equation 2) to be developed that relates pres-
sure and the distribution coefficient for the solute between
the mobile and stationary phases.’ The term, 4G, is the
Gibbs free energy of binding of the solute to the stationary
phase, K, is the distribution coefficient for the solute, 4V
is a measure of the pressure-induced change in the partial
molar volume, and 4n is the change in the coefficient of
the solute between the mobile and stationary phases; ; is
the isothermal compressibility of the solvent:

9AGaist) _ _pr (Mnkaist |, ApRTico= AV
g P/ =

Equation 2

Equation 2 can be developed to show the relationship be-
tween pressure and the selectivity factor a (Equation 3):

Table 1 Comparison of Separation Methods®

Alno
-RT — =
AP av

Equation 3

This effect will be small at the modest pressures used in
this technique. The reversal of the direction has a twofold
effect: one is the virtual lengthening of the column, as out-
lined above; the second is that the reversal of the flow
would have the effect of reconcentrating, or focusing the
solutes on the stationary phase that is partially covered
with the solute.

Stationary phases with adsorbed solute would be expected
to have a greater affinity, and thereby would increase the
distribution coefficient. The consequence of this change
and reconcentration would be that the adsorption profile
would be sharpened, and the width of the peak narrowed,
which would, in turn, affect the number of theoretical
plates, as we can see from Equation 4, where N = number
of theoretical plates, #; =retention time, and w = peak
width.

Equation 4

The resolution (R) between two eluting peaks is a function
of the number of theoretical plates (N), the selectivity
coefficient (), and the retention factor (k') of the later-
eluting peak, as shown in Equation 5:

e T (50 (225)

4 « 1 +Kg

Equation 5

In addition, the retention factor depends upon the time
taken by the solvent and the solute to pass through the col-
umn, as shown in Equation 6:

tr— 1
oo 1A tm

tm

Equation 6

Gravity Flash Vacuum, time-pulsed® Pressure, time-pulsed®
Silica (g) 150 36 150 36¢ 36¢ 36° 368
No. of fractions 38h 20 36 20K 20! 20m 20"
Solvent (mL) 1140 615 1065 510 525 550 550
Time (min) 73 75 38 14 12 32 43

2 Average of several trials. ® The pump used generated 650 mm/Hg, hence a reverse AP gradient of ~100 mm/Hg. ¢ The nitrogen pressure was
8 psi. ¢ 5 second pulse. ¢ 10 second pulse. f 5 second alternating pulse. 10 second alternating pulse. ! Fraction volume = 30 mL.  Fraction
volume = 25 mL. § Fraction volume = 30 mL. ¥ Fraction volume = 25 mL. ! Fraction volume = 25 mL. ™ Fraction volume = 25 mL. " Fraction

volume = 25 mL.
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These times will depend upon the programming of the
pressure regime, as described above, and will be consis-
tent with the notional longer bed.

The other important factors to be taken into consideration,
and that have an impact on the peak width, are the changes
in the retention factors for the eluents as they undergo re-
versal of flow direction. This phenomenon is described by
Poole in terms of Secondary Chemical Equilibria.® Al-
though it might seem that the reversal of flow will merely
remix the components, in fact, the change in distribution
coefficients, or retention factors, as mentioned above,
will, in fact, be altered three times at each reversal event:

1. The solute passes down the column with no adsorbed
solute, k;.

2. At the first reversal, the solute in the mobile phase will
be more strongly retained on the stationary phase since the
solute modifies the surface, which is thus partially saturat-
ed. For this situation, k, will be greater than ;.

3. The second reversal returns the solute over the station-
ary phase that has adsorbed even more of the solute, there-
by increasing further the value of the retention factor, &;.

Once the third step is achieved, the process can begin
again, resulting in further sharpening of the elution pro-
file.

Thus, with the temporarily increased retention factor of
the column, at the point where the solute can be more
strongly adsorbed, results in the focusing, alluded to
above. This focusing is analogous to cold-trapping in gas
chromatography, as described by Poole,” in which a
‘temporary increase of the retention power’ of the column
is a recognized mechanism for focusing analytes, thereby
reducing band-broadening and narrowing the width of the
peak. From the equations above, it will be clear that reduc-
ing the peak width will result in a greater number of theo-
retical plates, which in turn, will mean a greater
resolution, since resolution is proportional to the square
root of the number of theoretical plates.

The practical implications of this improved resolution are
that: 1) satisfactory resolution of closely-eluting solutes
can be achieved with a shorter column bed; ii) following
from (i), smaller volumes of eluting solvent will be re-
quired; iii) a smaller number of fractions will be needed to
achieve functional separation of solutes, and iv) separa-
tions can be achieved in a shorter time-frame.

Proposed Design of Instruments

We propose the following instrumental design that would
allow quantitative control and programming of all crucial
parameters. Figure 1 shows a diagram for suction filtra-
tion with a device that allows accurate control for the du-
ration of time that suction is applied and the time of
interruption (and therefore equilibration of pressure on the
column). Figure 2 shows the design for a medium- to
high-pressure application, where positive pressure, rather
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than vacuum is used, with the pressure being applied in
pulsed intervals in opposite directions.

solvent

i

mixture adsorbed — 5.
on silica

silica —>
pressure release

TTITTIITT i

vacuum
pump

timer

Figure 1 Design for time-pulsed vacuum chromatography

details:
> <—— Dpressure

(P)

«—— solvent

timer frit —>
«—— mixture

adsorbed on

silica

«—— silica

—> «——— pressure

(P2)

frit —>

Figure 2 Design for alternating time-pulsed pressure chromatogra-
phy

Conclusions

We have demonstrated that time-pulsed or alternating
pressure chromatography provide separations that are
more effective that those acquired by conventional meth-
ods. The vacuum time-pulsed method as well as the alter-
nating pressure method both use less solvent, less
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adsorbent, take less time to complete and provide compa-
rable or better separation of standard binary mixtures
compared with either gravity or flash column chromatog-
raphy. These improvements are especially valuable for
applications at larger scales, where the amount of adsor-
bent and the volume of solvent used are substantial and
contribute to the increased costs of separation. With the
use of the time-pulsed method, we have been able to sep-
arate routinely large amounts of mixtures with AR, = ~0.1
with the ratio of silica to compounds of ~20:1 (as com-
pared to ~100:1 for conventional methods). It is especially
useful for repetition of separation protocols with the same
mixtures (as is often the case in projects dealing with total
synthesis), where the first experiment is used as a trial run
to determine more optimal conditions with regard to the
regime of time-pulse and fraction collection.

In addition, both the time-pulsed vacuum method and the
alternating pressure method are expected to be amenable
to computer interface driven automation for the purpose
of precise timing, variable vacuum and pressure adjust-
ments, monitoring of separation, and fraction collection.
Future endeavors in this area will be focused on the devel-
opment of instrumentation that allows quantitative control
of the experimental parameters in these separations.

Experimental

Time-Pulsed Vacuum Chromatography

The column is packed dry and the mixture of compounds is pre-ad-
sorbed on silica, and the dry silica placed on top of the column bed.
The less polar component of the solvent system is used to begin the
elution under vacuum for gradient elution (~600-650 mm/Hg),
whereas a 1:1 mixture of hexanes and EtOAc was used for isocratic
elution. The vacuum is interrupted at specified intervals (usually af-
ter 5 or 10 seconds of flow). The shock wave travelling back up the
column is visible and after the pressure equilibrates, the vacuum is
applied again (Table 2). The fraction volume depends on the scale
of separation (details of all other separation protocols are listed in
the Tables in the Supporting Information).

Parameters that are constant for all the runs:
R, (hexanes—EtOAc, 1:1): Acet = 0.42, Nmet = 0.64.
Mixture of Acet-Nmet: 2 g (1 g each).

Application of the mixture on silica: dissolved in EtOAc (7.5 mL),
sonicated for 1 min, adsorbed on silica (4 g).

Amount of silica: 36 g.

Volume of each fraction collected: 25 mL.
Vacuum strength: 650 Torr.

Isocratic elution (hexanes—EtOAc, 1:1).

Pulse: 5 s.

Table 2 Time-Pulsed Vacuum Chromatography

Trial 1

Total time for fraction collection 16 min -
Number of fractions 21 -
Elution volume of Nmet 75 mL 950 mg

Elution volume of Acet 225 mL 970 mg

Synlett 2014, 25, 58—63

Table 2 Time-Pulsed Vacuum Chromatography (continued)

Trial 1

Total volume of eluent 525 mL -

Trial 2

Total time for fraction collection 12 min -
Number of fractions 20 -
Elution volume of Nmet 75 mL 980 mg
Elution volume of Acet 225 mL 980 mg
Total volume of eluent 500 mL -

Time-Pulsed Alternating Pressure Chromatography

The column is packed dry and the mixture of compounds is pre-ad-
sorbed on silica and, the dry silica placed on top of the column bed.
A 1:1 mixture of hexanes and EtOAc was used for isocratic elution
under 8 psi nitrogen gas pressure. Nitrogen gas pressure is applied
in opposite directions (Figure 2), indicated by P, and P, at specified
intervals (usually 5 or 10 seconds of flow). Bubbling is visible once
the pressure is applied from the bottom of the column (Table 3). The
fraction volume was based on initial results with time-pulsed vacu-
um chromatography (details of all other separation protocols are
listed in the Tables in the Supporting Information).

R, (hexanes-EtOAc, 1:1): Acet = 0.42, Nmet = 0.64.
Mixture of Acet and Nmet: 2 g (1 g each).

Application of the mixture on silica: dissolved in EtOAc (7.5 mL),
sonicated for 1 min, adsorbed on silica (4 g).

Amount of silica: 36 g.

Volume of each fraction collected: 25 mL.
Isocratic elution (hexanes—EtOAc, 1:1).
Pressure of nitrogen gas: 8 psi.

Forward nitrogen pressure for 5 seconds, backwards nitrogen pres-
sure for 5 seconds.

Table 3 Time-Pulsed Alternating Pressure Chromatography

Trial 1

Total time for fraction collection 35 min -
Number of fractions 20 -
Elution volume of Nmet 50 mL 960 mg

Elution volume of Acet 325 mL 960 mg

Total volume of eluent 550 mL -

Trial 2

Total time for fraction collection 30 min -
Number of fractions 20 -
Elution volume of Nmet 50 mL 940 mg

Elution volume of Acet 325 mL 920 mg

Total volume of eluent 550 mL -

One tube contained a mixture of Nmet — — 100 mg
and Acet=25mL
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