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Abstract

We report on a study on the use of 2D-LC in industry wherein we maximized the peak capacity by
serially coupling up to six 15cm long columns in the 1% dimension. For the considered aromatic amine
oligomer sample, the combination of reverse phase pentafluorophenyl (Phenomenex Kinetex F5)
columns in the 1% and a more retaining reverse phase polymeric C18 (Agilent PAH) column in the 2"
dimension proved to give the highest orthogonality, calculated to be 0.82. Whereas a 1D run on a single
column revealed around 120 compounds, the optimized 2D LC system revealed around 940 compounds.
To achieve this, flow splitting to improve the peak capacity in the 1°* dimension and shifting gradients in
the 2" dimension were used. The overall peak capacity of the system was calculated to be 53000 and
11000, respectively, without and with correction for orthogonality and undersampling. Total analysis
time with the 6-column system was around 20 hrs.

One F5 column in D ‘ Six F5 columns in D
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1. Introduction

The essence of a chromatography separation is to resolve peaks. The resolving power of a liquid
chromatography system can be conveniently expressed by peak capacity, i.e., maximum number of
peaks resolvable from each other in the separation time or space domain [1]. The peak capacity is
roughly proportional to the root square of the column efficiency. In gradient LC, peak capacity ncis
related to the column efficiency and operating parameters as derived by Snyder (Eqgs 1 and 2) where N is
the column efficiency, A is the mobile phase organic modifier percentage change, S is slope of the
linear regression of logk vs ¢ which is analyte dependent (logk = logkw — S @), k is the retention factor, kw
is an extrapolated retention factor where water is used as the mobile phase, b is a parameter defined by
column void time to and gradient time tg (Eq 2) [2].

ne = (2.3/4) Nz A@? S/(2.3b + 1) (1)
b = toAp/tg (2)

If we assume a shallow gradient running from 10 to 90% organic modifier (Ap = 0.9 - 0.1=0.8 with ts/t, =
20) for the separation of small molecules (S= 4), the peak capacity in Equation 1 is approximated to be
1.3 times the root square of the column efficiency. For a difficult separation, a high column efficiency
such as 100,000 plates might be needed, which could generate a peak capacity of roughly 400 for small
molecules. A large peak capacity of ~1000 could be theoretically obtained for oligomers which have
large S value due to their large molecular weight.

It seems straightforward to increase peak capacity by increasing column efficiency. However, in addition
to the resolving power, separation time is of importance as well, especially in an industrial setting. The
fundamental relationship regarding the separation speed and efficiency was elegantly treated by Knox
and Saleem, and Poppe (Eq 3), where E is the separation impedance, (E = h?@, ~3000-4000 under
optimized condition; h is reduced plate height and @ is the column resistance factor which is a constant,
500~1000 for a packed column), n is mobile phase viscosity, and AP is the column pressure drop [3,4].
As can be seen, an increase in efficiency is at constant AP inevitably accompanied by a large increase in
separation time when operated at optimum conditions.

t, = EN?n/AP (3)

_ | $nDVminhminNr
dp(opt) = [L12minltnials @)

Eq 4 shows the optimum particle diameter for a required column efficiency N where 1 is the mobile
phase viscosity, D is the analyte diffusion coefficient, vmin is the optimal reduced velocity, hmin is the
minimum reduced plate height. It is interesting that to achieve a large plate number with fixed
pressure, a large particle diameter must be used in order to have the shortest separation time.

In the early days of chromatography, due to the instrumentation pressure limit of 400 bar, 5 um or 7-8
um particle with very long column were used to generate up to 1 million plates [5-7]. However, the
column void time approached a few hours to 18 hours, making this approach unpractical for achieving a
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large peak capacity. Modern instrumentation has the capability of providing up to 1500 bar pressure,
making it possible to attain 100,000 plates, resulting in peak capacity of ~1000 in relatively short time
with a column void time of a few minutes by using long core-shell 2.7 um particle or total porous sub-2
um particle [8-11]. However, the nominal peak capacity does not equate to the number of analytes that
can be resolved. Based on the peak overlap theory, a peak capacity of 1000 is required to have a
sufficient chance (90% probability) to observe only 50 peaks in a chromatogram as a singlet (i.e., not co-
eluted with other analytes) [12]. For highly complex samples, such as those in the fields of proteomics,
pharmaceutical, chemical industry the situation is even more dramatic. For example, for a sample
containing 1000 compounds, a very large peak capacity in the order of 20,000 might be required for
completely resolving them. To achieve such a high peak capacity, column efficiencies in the range of
N=40 million would be required, as inferred from Eq 1. This is obviously in-practical as the run time
would be prohibitively long. Thus, other strategies must be sought to achieve an order of magnitude
improvement in the peak capacity (ie, from 1000 to 10,000).

Giddings, in his theoretic treatment, conceptualized the power of two-dimensional LC (2-D LC) where
the overall peak capacity of 2-D LC is the product of the peak capacity in each dimension if the
separation in the two dimensions are orthogonal [13]. An early demonstration of comprehensive 2D-LC
was conducted for the separation of a 14-component mixture of proteins using a combination of size
exclusion chromatography and ion exchange chromatography [14]. Recently, 2-D LC has become more
and more attractive due to its ability to separate complex samples, such as proteomic [15-24],
metabolomics [25, 26], surfactant/ polymer/nanoparticles [27-30], and pharmaceutical molecules [31-
33]. The wide use of 2-D LC is facilitated by the commercialization of 2-D LC instrumentation which
makes data acquisition and analysis user-friendly. Although one main area focuses on developing 2-D LC
method with short total run time [19,21,32,34-37], there is also a strong need to develop more generic
2D-LC methods with a large peak capacity, especially for the industrial samples that might only be
analyzed once for process troubleshooting or process improvement. Hence, a maximum peak capacity
is desirable while the total time can be slightly sacrificed as long as it is not excessively long.

In an ideal situation, 2D-LC peak capacity can be calculated following the product rule: n¢2p = *n¢ x nc
[13]. The effective peak capacity ni’;]; , however, must be corrected by incomplete surface coverage
feoverage and under-sampling correction factor (£) as shown in Eqs 5 and 6 where *t; is the ?D cycle

time, or called 2D modulation time, o is the first dimension peak standard deviation equating to % of
the peak width w [38].

1
ni,];]lc) = 1nc zncfcoverage@ (5)
(B) = Jl +0.21( %t/ 0)? (6)

The nc and 2n. can be measured from the experimental data by using 1+ts/w, or any of the many
possible more accurate metrics [39]. Several approaches have been proposed to calculate the 2D
surface coverage, including bin-counting, ecological home-range theory, fractal mathematics and
Asterisk Equation metric [40-44]. In this paper we chose to use the Asterisk Equation metric method, as
it is less sample dependent and well considers the peak spreading in both dimensions [44]. This method
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is also easy to be implemented by exporting data from the LC image software to a Microsoft Excel
spreadsheet for calculation.

Several optimization strategies for comprehensive 2-D LC have been reported and summarized in a
recent review article [45]. Gu et al reported two-step or one-step optimization [46]. In two-step
optimization, the peak capacity in 1D was maximized and then overall peak capacity was optimized. In
one-step optimization, all the parameters are changed simultaneously to achieve the maximum overall
peak capacity. A more elegant way based on Pareto-optimality approach was also reported where a
systematic approach based on pilot run and then model build to optimize peak capacity, total run time
and dilution factor at the same time [47]. The Pareto-optimality approach has the advantage of a “dry-
run” simulation but a model must be established first and a home-built MATLAB routines must be used.

When accounting for the f- and B-factor, the effective peak capacity can be significantly lower than the
multiplication of the peak capacity from D and 2D. To explore the potential of a comprehensive 2D-LC to
see whether it can attain an order of improvement in peak capacity to 10,000, we report on a study
wherein we attempted to maximize the peak capacity by serially coupling up to six 15cm long columns in
the 1t dimension. To emphasize the practical relevance of the work, this was done on an industrial
aromatic amine oligomer sample. To allow connecting a sufficient number of columns in series within
the pressure limits of the instrumentation (1200 bar), 2.6um core-shell particles were used in the 'D.
The 2D was a 5cm 1.8um particle column.

2. Experimental

An Agilent 1290 Infinity 2D-LC system (Agilent, Santa Clara, CA) was used for all experiments in this study.
The system was comprised of an Infinity 1290 quaternary pump (G4204A), an Infinity 1290 autosampler
(G4226A), an Infinity 1290 thermostatted column compartment (G1316C), and 1260 diode-array
detector with a high-pressure flow cell (G1315C, 400 bar, 6mm pathlength, 1.7 uL flow cell volume) in
ID. An Infinity 1290 binary pump (G4220A), an Infinity 1290 thermostatted column compartment
(G1316C), an Infinity 1290 diode-array detector (G4212A) equipped with an Agilent Max-Light Cartridge
Cell (60 mm pathlength, 1.0 uL flow cell volume) in 2D. Interface for the 2D LC is a 2-position 10-port
active solvent modulation valve (ASM, G1170A) with 40 or 70 pL loop. The ASM function is not activated
in this study.

To protect columns, Agilent 1290 Infinity in-line filters were used in front of the columns in both
dimensions. For D, up to six Phenomenex F5 (00F-4723-AN, 150 x 2.1 mm, 2.6-um core-shell particles,
100-A pore size) columns were coupled. For 2D, an Agilent Zorbax Eclipse PAH (959757-318,

50 x 3.0 mm, 1.8-um totally porous particle) column was used. For flow splitting, Advantage™ SS Tee,
0.25mm Thru-hole (1602, Analytical Sales & Services, Inc.) was connected via 0.05” stainless steel
tubings between the D detector and the ASM valve. The other outlet of the Tee was connected to a
PEEK tubing to achieve a split ratio of 4 (ie, 4/5 of the D eluent was directed to waste). 10 mM
ammonium bicarbonate buffer at pH 8, and Acetonitrile were used in both dimensions as mobile phases
A and B, respectively. The system was controlled with an Agilent OpenLAB CDS Chemstation Edition
(Rev. C.01.07 SR3 [465]) software. Data were exported to GC Image ™ Version 2.5b0 LC X LC for
processing. For MS data collection, 0.05”-id PEEK tubing was used to connect the 2D detector to an
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Agilent 6130 Single-Quad mass spectrometry via a Tee (Advantage™ PEEK™ Tee, 0.01" ID, 1625,
Analytical Sales & Services, Inc.) to have a 1:1 split ratio.

Approximately 50 mL of an aromatic amine oligomer sample was obtained in-house from the Dow
Chemical Company. The sample was diluted in N, N-dimethylformamide (DMF) (Fisher Chemical)
roughly 10 times and then filtered with 0.2 um PFTE filter (Fisher Brand, 25 mm syringe filter, 09-719 G).
2 uL of the filtered solution was injection for LC run.

3. Results and Discussion

Several column pairs including Waters BEH C8/Waters BEH C18, Agilent HPH C18/ Agilent PAH, and
Phenomenex F5/Agilent PAH were screened for use as D and 2D column, respectively. Preliminary data
found F5/PAH pair the most promising in regards to peak shape and surface coverage, and they were
chosen for further optimization. The Phenomenex F5 column, which is a pentafluorophenyl phase,
promotes -1 interaction as the sample consists of aromatic amine oligomers. The Agilent PAH column,
a polymeric C18 phase, provides more retention, so that the analytes eluting out of the D will be
focused on the 2D column even when large volumes (i.e., 40, or 70 pL) is injected. In addition, it was
anticipated the PAH phase would display a significantly different selectivity than the F5 phase.

Since the aromatic amine (protonated form) has a pK, of 4.6 at 25 °C, the retention will be minimal in
acidic mobile phase with pH less than 3.6. We chose 10 mM ammonium bicarbonate buffer at pH 8 as
the mobile phase A to keep the aromatic amine oligomers in non-protonated form and have good
retention on the columns in both dimensions. The effect of column temperature was screened, finally
making us select 30 °C for D and 50 °C for 2D.

We used the two-step approach with slight modification for optimization of the 2-D LC and reported it in
the following sections [46].
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3.1 1D separations

50 A | B
300 4

200 A

100 —

0 200 400 600 800 1000 1200 0 50 100 150 200
Retention time, min Retention time, min
Figure 1. 1D chromatogram of aromatic amine oligomer sample. Conditions for panel A: F5, 2.6 um, 900
x 2.1 mm; Mobile phase A: 10 mmol ammonium bicarbonate, pH 8; Mobile phase B: ACN; Flow rate:
0.15 mL/min; Temperature: 30 °C; Gradient: 15% to 65% B over 1180 min; to=14.5 min. Conditions for
panel B: F5, 2.6 um, 150 x 2.1 mm; Gradient: 15% to 65% B over 196 min. Other conditions: same as in
panel A.

The column flow rate and gradient time tg were optimized for the six coupled core-shell columns. The
optimum linear velocity was calculated to be ~1.15 mm/s using Eq (u = vD/d,,) assuming v=3 and
D=10"°m?/s, respectively. Considering the column diameter and assuming column porosity of 0.7, this
linearity velocity translates into a volumetric flow of 0.167 mL/min with a corresponding t, of 13 min.
For convenience, a column flow rate of 0.15 mL/min, close to the optimum flow rate, was chosen with a
corresponding to of 14.5 min. Pressure drop at this condition was about 1100 bar. To maximize peak
capacity, a very shallow gradient with tg of 1180min (ts/to of ~80,) was chosen. Figure 1A shows the
separation of the aromatic amine oligomer sample using six F5 columns. Selecting 13 peaks that seem
absent from coelutions and then calculate the average peak width, the peak capacity was measured to
be 1263. In contrast, the use of one F5 column (to=2.4) is shown in Figure 1B for the same flow rate and
same tg/to. The peak capacity was calculated to be 352 only. The ratio of both peak capacities (3.6) is
larger than the theoretically expected V6. This indicates the peaks selected in the single column case as
being supposedly singlet peaks probably still contained overlapping compounds. Fig. 1 clearly
demonstrates the advantage of using 6 instead of 1 column. In the 1 column chromatogram, 120
different peak features can be detected, while in the 6-column case this amount increases significantly
to 330 detected features.

3.2 2D separations

Figure 2 shows one of the exploratory 2D runs. To shorten the overall run time for speeding up the
method development, only two coupled F5 columns were used in the 1D. Because no flow splitting was
used in the !D and the sample loop volume was 40 pL, the column flow was reduced to 0.02 mL/min,
which is obviously too slow but it allows for an adequate cycle time for 2D run as the loop fill time is 2
min. This shows one challenge for comprehensive 2-D LC as the D and 2D flow rates are inter-related.
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For the 2D, the column flow rate was 1.5mL/min, which had t, of 0.164 min. For the 2D, we selected a
gradient time corresponding to ts/to of 10 and a column equilibration time equal to two times t,,
resulting in 2D cycle time of 1.97 min, which is compatible as the D loop filling time was 2 min. The same
design principle, i.e. keeping the 2D cycle time slightly smaller than the D loop filling time so that no
sample loss would occur, was used throughout this study. Due to the slow flow rate of only 0.02 mL/min
for 1D, the void time was 36 min even for the two coupled columns. We run ~360 min gradient for the
D, resulting in only ~10 for ts/to, which is definitely not long enough. A simple gradient of 20-100% B
was used in each 2D. The analytes eluted around the diagonal in the 2D contour plot and the surface
coverage of this separation was calculated to be 0.59, using the Asterisk Equation metric method [44].
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Figure 2. 2D-LC contour plot of aromatic amine oligomer sample. Conditions: 1D, two coupled F5
column, 0.02 mL/min, 20-95% B over 364min, column temperature of 30 °C. 2D, PAH column, 1.5
mL/min, 20-100% B over 1.65 min, cycle time of 1.97 min, column temperature of 40 °C.

This kind of low surface coverage is characteristic for comprehensive reversed-phase x reversed-phase
2-D LC. One approach to improve the orthogonality is to use a carbon clad phase as the 2D column [48].
A more convenient way, quite convincingly, is to optimize the gradient in the 2D [49,50] using the shifted
gradient capability of the instrument. As seen from Figure 3, a significant improvement in surface
coverage was obtained by applying a shifted gradient for the 2D run. The concept of a shifted gradient is
that the starting and ending mobile phase composition for each 2D run changes during the whole 2-D LC
run (see caption to Fig. 3 for exact conditions). Surface coverage was calculated to be 0.75 under these
method conditions. To improve tg/to, the column flow rate in D was increased to 0.04 mL/min, which
resulted in a shorter loop-filling time. The 2D column flow rate was proportionally increased to 3



241 mL/min. Column temperature was increased to 50 °C in order to keep the column pressure under 1200
242 bar instrument pressure limit.
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244  Figure 3. 2D-LC contour plot of aromatic amine oligomer sample using a shifted gradient in 2D.

245 Conditions: D, two coupled F5 column, 0.04 mL/min, 20-95% B over 364min, column temperature of 30
246 °C, to = 18 min. 2D, PAH column, 3.0 mL/min, 10-40% B in the beginning of 2-D run (shifted to 80-100%
247 over 364 min in the ending of 2D run), the 2D gradient time of 0.83 min, cycle time of 0.99 min, column
248  temperature of 50 °C.
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3.3 Overall Peak Capacity Optimization

Based on the satisfactory surface coverage obtained as shown in Figure 3, six coupled F5 columns in D
and the same PAH column in 2D were used to attain a higher overall 2-D LC peak capacity. The to was
increased to 59 min. To maintain similar te/to, the gradient time was increased to 1180 min. As shown in
Figure 4, the surface coverage was 0.69, not as good as in Figure 3. The D peak capacity was 528 and 2D
peak capacity was 24.4. The under-sampling factor was 1.17. Using Eq. (5), the overall corrected 2D peak
capacity was 7600.

" T r"H"f“ﬂ"TT‘F‘H"r“rw R ERRE RS ERERERRER
m.o 0.0 |ac|3.0 [903.0

Figure 4. 2D-LC contour plot of aromatic amine oligomer sample using six F5 columns in 'D. Conditions:
1D, six coupled F5 column, 0.037 mL/min, 20-95% B over 1180 min, column temperature of 30 °C. Note
that to = 59 min. 2D, PAH column, 3.0 mL/min, 10-25% B in the beginning of 2-D run (shifted to 80-100%
over 1180 min in the ending of 2D run), the 2D gradient time of 0.83 min, cycle time of 1.07 min, column
temperature of 50 °C.
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Encouraged by the peak capacity of 7600 as shown in Figure 4, it was attempted to further increase the
2-D LC peak capacity by improving n., 2n. as well as the surface coverage. Note that in Figure 4, the flow
rate in !D is 0.037 mL/min, corresponding to to of 59 min. Even with tg of 1180 min, the ts/to was 20
only. For the column used, the optimum flow is calculated to be ~0.167 mL/min (see Section 3.1). If we
increase the column flow rate, for example to 0.15 mL/min, it will increase the column efficiency as it is
closer to the optimum flow. In addition, it also decreases the t, which will increase ts/t, to ~80 if keeping
tg constant at 1180 min. Both the increase in column efficiency and tg/to are advantageous to achieve a
large peak capacity (refer to Eql in the Introduction section), although it should be remarked the
increase in peak capacity beyond values te/to larger than 20 is merely incremental, as the steepest
increase between n. and te/t, occurs for values of <10 [39,51]. The concern when using higher flow
rates, however, is the decrease in loop fill time (=loop volume/D column flow rate). With a loop size of
40 pL and a flow rate of 0.15 mL/min, the loop fill time would be 0.27 min. In order to have a
comprehensive 2-D run, the 2D cycle time must not be greater than the loop filling time (0.27 min in this
case), which is too fast for the 2D column. To solve this dilemma, we applied the idea of a flow splitting
after the D run [35]. In this approach, we could run the column at 0.15 mL/min, whilst splitting the
column effluent after exiting the D detector using a Tee with a split ratio of 4:1 to direct only 0.030
mL/min flow to the loop in the ASM valve, as described in the Experiment section. This resulted in a loop
filling time of 1.33 min.

The 2D cycle time in Figure 4 was 1.07 min with tg and to of 0.83 and 0.082 min, respectively, with the
column flow of 3 mL/min. To improve the %D peak capacity, we could decrease 2D column flow to 1.7
mL/min to benefit from the higher column efficiency. The to, unfortunately, will increase to 0.145 min.
To maintain te/to of 10 and 2 times the to hold in the end of the gradient for column flushing and 2 times
the to for column equilibration, the 2D cycle time turns into 2.02 min, which is greater than the loop fill
time of 1.33 min if 40 pL sample loop in the ASM valve was used. To enable 1.7 mL/min flow in 2D, we
changed the ASM valve loop to 70 pL, equating to 2.33 min of loop fill time, making it compatible with
the 2D cycle time of 2.02 min.

As a consequence, we ran a next comprehensive 2-D LC by using flow rate of 0.15 mL/min and split ratio
of 4:1 for D, 70 puL sample loop, 1.7 mL/min flow rate and cycle time of 2.02 min in 2D, and also slightly
adjusting the mobile phase beginning and ending composition. The resulting 2D contour plot is shown in
Figure 5. As expected, the n. and 2n. increased significantly, from 528 to 1263, and from 24.4 to 42.3,
respectively, which corresponds to almost 4x gain in the apparent peak capacity (nc x 2nc) from 13000 to
53000. The calculated effective peak capacity was significantly increased from 7600 to 11000 after
correction for the surface coverage (0.82) and undersampling factor (4.0).
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Figure 5. 2D LC contour plot of an aromatic amine sample using six F5 columns in !D. Conditions: D, six
coupled F5 column, 0.15 mL/min, with post-detector split of 4:1, 15-65% B over 1180 min, column
temperature of 30 °C. Note that to = 14.5 min. 2D, PAH column, 1.7 mL/min, 15-30% B in the beginning of
2D run (shifted to 70-100% over 1180 min in the ending of 2D run), the 2D gradient time of 1.59 min,
cycle time of 2.02 min, column temperature of 50 °C.

To further demonstrate the advantage of high peak capacities produced when using six columns in 1D, a
2D run with only one F5 column in D and identical 2D condition, is shown in Figure 6. Adjusting the t¢ for
the 1D to maintain the same tc/to, the surface coverage is comparable, as expected. However, the
resolving power was dramatically decreased resulting in many coelutions. This can be also readily
assessed comparing the counted number of resolved peaks (350) for the one column case with the
number of resolved peaks in six column case (940). From the perspective of industrial troubleshooting,
this increase in number of resolved peaks more than warrants the longer analysis time.



313
314

315
316
317

318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

334
335
336
337

[T Wm0y
11

TITTrTrrrprnn
1200 1400 1e0.0 1800

0.0 100.0
Colutmty [

Figure 6. 2D LC contour plot of an aromatic amine sample using one F5 columns in D. Conditions: 1D,
one coupled F5 column, 0.15 mL/min, with post-detector split of 4:1, 15-65% B over 196 min, column
temperature of 30 °C. 2D conditions are the same as in Figure 5.

4. Conclusions

Peak capacity is the ultimate figure of merit for assessment of the resolving power of a chromatography
system. Current state-of-the-art 1D liquid chromatography provides a maximum practical peak capacity
of ~1000 with column void time of around 10 min using 1200 bar LC instrumentation. 2D LC, on the
other hand, opens the possibility for an order improvement in peak capacity while separation time is still
practical. We report on a study wherein we maximized the peak capacity by serially coupling up to six
15cm long 2.6 um particle columns in the 15t dimension and 5 cm sub-2 pm column in the 2" dimension
using a commercially available 2D LC instrument capable of providing 1200 bar for each dimension.
Several strategies were applied for the optimization of the 2D LC. The use of split flow in the D
significantly improved its peak capacity while at the same time allowing relatively long cycle time be
used in the 2D, which is also advantageous for improving the 2D peak capacity. Use of a more retentive
polymeric C18 column in 2D allowed a large volume injection without detrimental volume overloading or
solvent mismatch issue. Shift gradient was applied to dramatically improve the 2D surface coverage.
Using an industrial aromatic amine oligomer sample under optimized conditions, we achieved overall
peak capacity of 53000 and 11000, respectively, without and with correction for orthogonality and
undersampling. Total analysis time with the 6-column system was around 20 hrs.

We observed 120 and 330 peaks in 1D separation using one or six columns, respectively. On the other
hand, the 2D separation provided much more resolved peaks with 350 and 940 blobs for one column
and six column case, respectively. Advantage of using six columns was clearly demonstrated for
resolving complex industrial samples.
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The potential of the sub-2 um 5 cm long 2D column (peak capacity could be as high as 200) was not well
realized due to fast flow for a comprehensive 2D LC run. Using shorter column in 2D could further
improve the effective peak capacity by reducing the 2D cycle time to alleviate the undersampling, or
increasing te/to.
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