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Using a molecular diversity 

model to choose test 

probes from a chemical 

library, guest authors 

Ray McClain and Matt 

Przybyciel characterized 

12 supercritical fluid 

chromatography (SFC) 

achiral stationary phases 

with 60 compounds from 

four chemical classes — 

amines, amides, alcohols, 

and carboxylic acids — to 

establish guidelines for the 

rational selection of the 

optimum stationary phase 

for separations. Efficiency, 

selectivity, and peak 

shape were used as the 

evaluation criteria.

A Systematic Study of Achiral 
Stationary Phases Using 
Analytes Selected with a 
Molecular Diversity Model

The use of supercritical f luid 
chromatography (SFC) as a 
separation technique continues 

to grow (1–6). SFC offers a number 
of advantages to chromatographers for 
both analytical and preparative separa-
tions. These advantages include the 
“green” aspect of using carbon dioxide 
as a mobile phase, the ease of isolation 
of purified components from prepara-
tive separations, and decreased analysis 
times because of the high diffusivity 
and low resistance to mass transfer 
encountered in SFC. For many years, 
SFC has proven extremely useful for 
chiral preparative separations (7–12). 
Achiral SFC separations utilize station-
ary phases from “normal-phase” high 
performance liquid chromatography 
(HPLC), such as unmodified silica, 
diol, amino, and cyano (13). During 
the past 10 years, a number of com-
mercially available stationary phases 
have been developed specifically for 
SFC applications (14). However, not 
all of these columns are well-suited for 
all structural classes of compounds, 
presenting a bottleneck when arrays 

of chromatographic data must be 
acquired and interpreted to find a suit-
able match. Recently, chemometric 
approaches have been developed to pre-
dict retention and selectivity for a vari-
ety of stationary phases used for SFC 
(1,15–19). These approaches can be a 
useful tool for column selection with a 
particular set of analytes. Despite this, 
many chemometric approaches don’t 
provide any guidance regarding peak 
shapes of the separated components. 
In addition, the chemometric models 
generally require physical or chemi-
cal information for the compounds of 
interest, such as excess molar refrac-
tion, dipolarity and polarizability, 
hydrogen bond donor (acidity), hydro-
gen bond acceptor ability (basicity), 
and McGowan’s volume (19); for many 
analytes of interest, information such 
as this is not readily available. 

Separations of  
Chemical Libraries
Many pharmaceutical laboratories are 
involved in the characterization and 
purification of large chemical libraries 
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that are employed in high-throughput 
screening for new drug development. 
These libraries are particularly chal-
lenging in the chemical diversity that 
they represent (20,21). Library mol-
ecules may contain a variety of differ-

ent functional groups and may differ 
substantially in properties such as pKa, 
hydrophobicity, molecular weights, and 
molecular surface area, to name just 
a few. SFC–mass spectrometry (MS) 
has been shown to be a useful tool for 

the purification of chemical libraries 
(3,20,22–25); however, the selection 
of the appropriate stationary phase 
for the separation of chemicals in the 
library carrying out these separations 
can be difficult, especially with the 
variety of SFC stationary phases that 
have recently been commercialized (14). 
Furthermore, most chromatographers 
performing purifications prefer to avoid 
using mobile phase additives, such as 
amines, because it complicates com-
pound recovery and can lead to product 
degradation. This poses a unique 
challenge for chromatographers per-
forming purifications on a vast array of 
molecules. Chromatographers separating 
chemical libraries would like chemical 
compound selectivity, as well as good 
peak shapes, to optimize their purifica-
tions without the use of mobile phase 
additives. Ideally, one would like to 
have a set of screening stationary phases 
that the chromatographer could employ 
to separate a wide variety of molecules 
containing various functional groups. 
To this end, we would like to identify 
a limited set of stationary phases that 
can separate a wide variety of molecules 
and maintain good peak shape without 
mobile phase additives. 

Utilization of a  
Molecular Diversity Model
We used the large and structurally 
diverse chemical building block library 
available at Merck (Whitehouse Sta-
tion, New Jersey) to help identify a set 
of stationary phases. We queried this 
collection of chemicals to obtain rep-
resentative compounds in four distinct 
functional group classes — carboxylic 
acids, amines, alcohols, and amides. 
These four distinct functional group 
classes are viewed as important reactive 
groups for the synthesis of larger mole-
cules. We identified 15 chemicals within 
each functional group class with maxi-
mal Tanimoto dissimilarity (26) using  
Merck’s in-house developed software. 
These 15 compounds represent diverse 
chemical space for each chemical class 
based upon the combination of the large 
number of compounds in the building 
block collection and the computational 
calculated molecular diversity model. 
The structure of these proprietary 
compounds, serving as the test probes 

Figure 1: Example of a screen shot from the custom-written “Small Molecule 
Browser” used to identify structurally diverse reagents and analytes within each 
functional group class. This projection is a two-dimensional nonlinear map of the 
ECFP4-derived Tanimoto similarity matrix.

Figure 2: A typical screen shot highlighting the large number of molecular parameters, 
specified as row headers on the left of the image, used to arrange the functional 
classes into their respective chemical spaces. The vast range of each of the parameters 
is highlighted by red bars in each of the lines representing an individual molecular 
parameter in the image. The lighter red bars signify a smaller number of building 
blocks or analytes contained in the collection possessing a specific magnitude of the 
molecular parameter specified, and an intense red bar signifies a greater population 
of analytes possessing that magnitude of the specified parameter. Such tools were 
used to provide a rational selection of test probes for the SFC columns.
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in this study, will not be disclosed but 
an example collection of commercially 
available amines with structures shown 
will be displayed later in the article. 
Figure 1 is an example of a screen shot 
from the custom written “Small Mol-
ecule Browser” software used to identify 
structurally diverse reagents within each 
functional group class. This projection 
is a two-dimensional nonlinear map of 
the ECFP4-derived Tanimoto similarity 
matrix (26). In rough terms, and allow-
ing for distortions in the projection, 
molecularly similar compounds end up 
grouped together and molecularly differ-
ent compounds tend to be farther apart. 

The red dot in the upper right quadrant 
was randomly selected as a starting point 
and the software was instructed to find 
the 14 most diverse carboxylic acids, 
relative to the starting point. The result-
ing selections are highlighted in blue.

Figure 2 highlights the many cal-
culated parameters used in arranging 
the carboxylic acid collection into its 
multidimensional chemical space. We 
did not elect to use filters restricting the 
range of certain molecular parameters 
within a specific range to ensure the most 
random and diverse collection as possible. 
The figure displays the extensive range of 
each parameter used. The same molecular 

parameters also were used for the amine, 
alcohol, and amide chemical classes and 
resulted in the selection of our test chemi-
cals for each chemical class.

The Selection of the SFC  
Conditions and Stationary 
Phases Evaluated
The 15 compounds for each of the 
four chemical classes were analyzed on 
seven different achiral stationary phases, 
many of which were in their endcapped 
and nonendcapped forms (listed in 
Table I). A silica column was included 
as one of the seven, because this column 
has been extensively used for achiral 
SFC separations (13). An endcapped sil-
ica column (TMS) also was evaluated, 
but coverage of the polar surface of the 
silica virtually eliminated the retentive 
capabilities of the material, as expected, 
so it was eliminated early in the study. 
All of the phases evaluated were bonded 
to the same 5-µm, 350-m2/g, and 120-Å 
pore size base silica and the packed col-
umns had dimensions of 250 mm   
4.6 mm. To maximize the interaction 
with the stationary phase, isocratic con-
ditions were selected (27). As indicated 
by the column temperature of 25 °C, 
the study was performed in the subcriti-
cal state to minimize fluid compressibil-
ity and thus minimize density changes 
along the column that impact diffusion 
coefficients (19). All chromatographic 
data presented and discussed in this 
study were acquired using the following 
chromatographic conditions: 

�Flow rate: 3 mL/min
�Mobile phase: 90% CO2– 

10% methanol
Back pressure: 150 bar
Column temperature: 25 °C
�Detection: UV absorbance at 214 nm 

coupled with positive atmospheric-
pressure chemical ionization (APCI) 
MS for compound identification

Carboxylic Acids
The 15 carboxylic acids presented by 
our diversity model were analyzed 
on our column set. Of the columns 
tested, the 2-ethyl pyridine (EP) and 
GreenSep Basic columns provided 
the best results for the carboxylic acid 
test probes. Both stationary phases 
produced acceptable peak shape for 
all of the peaks on the endcapped EP, 
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Figure 3: Carboxylic acid mix analyzed under standard chromatographic conditions 
on the endcapped (top) and nonendcapped (bottom) 2-ethyl pyridine column.

Table I : Columns evaluated (silica and column dimensions are described 
in the text)

2-Ethyl pyridine* Endcapped

2-Ethyl pyridine Nonendcapped

Diethyl amino propyl* Nonendcapped

4-Ethyl pyridine Endcapped

4-Ethyl pyridine* Nonendcapped

GreenSep Basic (imidazole based) Endcapped

GreenSep Basic (imidazole based)* Nonendcapped

Pyridyl amide Endcapped

Pyridyl amide Nonendcapped

Nitro phenyl* Endcapped

Nitro phenyl* Nonendcapped

Silica* Nonendcapped

*Indicates products that are commercially available from ES Industries (West Berlin, 
New Jersey); all others are experimental phases
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nonendcapped EP, endcapped basic, 
and nonendcapped GreenSep Basic col-
umns. The half-height peak efficiency 
values in plates per column for each 
peak in a specified chromatogram were 
averaged together to give one average 
efficiency per column. The values were 
7770, 11,998, 8489, and 8864 plates 
per column, respectively. A chromato-
gram of the carboxylic acid mixture 
on the endcapped and nonendcapped 
EP column is shown in Figure 3. The 
nonendcapped EP column exhibits 
additional selectivity as evident by the 
separation of critical pair peaks 10/11 
and 3/6, as well as additional retention 
as evident by increased retention on 
all peaks (except peak 7). The nonend-
capped version of the GreenSep Basic 
column did not demonstrate a change 
in selectivity or an increase in reten-
tion when compared to its endcapped 
version, as shown in Figure 4. The 
absence of increased retention for the 
nonendcapped GreenSep Basic column 
compared to its endcapped version 
suggests the free silanols are not able 
to compete with the imidazole for 
interacting and retaining the acidic 
test probes as experienced with the 
EP column. This is supported by the 
increase in pKa of imidazole compared 
to pyridine, 7.0 to 5.25, respectively. 
This behavior was very interesting and 
requires further investigation. In addi-
tion, we discovered that diethyl amino 
propyl (DEAP) showed excessive reten-

tion for the acids (presumably because 
of the involvement of an ion-exchange 
retention mechanism).

The study found that the nonend-
capped EP is the column with optimal 
performance for the analysis of car-
boxylic acids. Previous studies have 
reported excessive retention of acidic 
compounds on the EP column (3). The 
carboxylic acid test probes used in the 
present study were largely unaffected by 
this phenomena, but presumably the use 
of an endcapped version of the column 
could be helpful in cases where reten-
tion is unacceptably long.

Alcohols and Amides
The DEAP column provides excel-
lent peak shape for the alcohols, as 
shown in Figure 5, even for compound 
1 eluted at 25 min (see insert). The 
average half height peak efficiency for 
the alcohol test mix analyzed on the 
DEAP column was calculated to be 
9775 plates per column and the aver-
age USP tailing factor was calculated 
to be 1.19. This is a small but diverse 
data set for alcohols, and the DEAP 
column appears to have a vast degree 
of selectivity for this data set. The 
extremely efficient peaks may be a 
result of this column possessing only 
one retention mechanism, hydrogen 
bond accepting capabilities. The ideal 
selectivity, controlled retention and 
elution, and extremely efficient peaks 
make the DEAP column the pre-

liminary column of choice for alcohol 
analysis.

All columns tested gave acceptable 
results for the chemical diverse amide 
compound test set. The best column 
for the amide compound set was found 
to be the nitro phenyl nonendcapped 
column, as shown in the chromato-
gram in Figure 6. This column pro-
vided excellent peak shape with an 
average USP tailing factor of 1.34 
and good selectivity for the amides 
analyzed. The peaks are very efficient 
with an average half height efficiency 
of 9279 plates per column with peak 9 
providing good peak shape, with a half 
height peak efficiency of 9304 plates 
per column at 20 min.

Amines
The SFC separation of amines is 
particularly challenging without the 
use of additives. The results for the 
amine test mixture varied greatly. 
Some of the columns tested produced 
very poor peak shape, had very poor 
selectivity, and had excessive reten-
tion, and of these some exhibited both 
poor peak shape and poor selectivity. 
The GreenSep Basic nonendcapped 
column showed the best peak shape 
for most of the amines analyzed, as 
shown in Figure 7, with the average 
USP tailing factor being 1.65 versus 
the average tailing factor of 2.31 
observed for the amines analyzed on 
the endcapped version of the column. 
An additive such as diethyl amine 
could be added to the cosolvent in an 
attempt to sharpen peak shape and 
minimize further tailing. The use of 
additives is out of the scope for this 
article but Blackwell and Stringham 
(28) cover this topic more compre-
hensively. In our amine compound 
mixture, eight of the compounds 
are primary amines, suggesting that 
there would be little hydrogen bond 
accepting character displayed by 
these compounds on the GreenSep 
Basic column. The amine test mix-
ture exhibited longer retention on 
the nonendcapped GreenSep Basic 
column suggesting strong π-π interac-
tions as all but one of the amine test 
mixture compounds possess aromatic 
systems. One of the poorest columns 
for amines was found to be silica with 
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Figure 4: Carboxylic acid mix analyzed under standard chromatographic conditions 
on the endcapped (top) and nonendcapped (bottom) Basic column. 
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only one of the 15 amine compounds 
in our mixture eluted within a 60-min 
chromatographic analysis.

The structures of the Merck com-
pounds used in this study could not 
be disclosed so a collection of com-
mercially available amines (listed in 
Table II) was selected to serve as an 
operational test for our approach of 
column assignment. Figure 8 shows a 
chromatogram of these commercially 
available amines analyzed on the non-
endcapped GreenSep Basic column 
according to the standard conditions 
described earlier in this article. The 
half height peak efficiency along with 

USP tailing factors for all seven of the 
commercial amine mixture compo-
nents are shown in Table II. Several of 
the components have a tailing factor 
greater than 2; however, all compo-
nents were eluted in less than 12.5 
min. Even with greater tailing factors, 
for some components this separation 
would be useful for preparative chro-
matography, especially considering 
that the conditions were isocratic and 
no additives were used. This mixture 
provides an operational test for a 
chemical diversity model. Based on 
our amine diversity mixture and our 
commercially available amine mixture, 

we believe that the nonendcapped 
GreenSep Basic column is the prelimi-
nary column of choice for the analysis 
of amines.

Chromatographic Summary
One of the complexities routinely 
discussed about achiral SFC revolves 
around identification of a single sta-
tionary phase to resolve the majority 
of sample mixtures encountered in our 
laboratories. This desire could stem from 
the common application of C18 station-
ary phases in reversed-phase applica-
tions and the vast success encountered 
with its use. With the study presented 
in this column installment, we hope to 
limit the experimental work necessary 
for column screening and data inter-
pretation — there does not appear to 
be a current universal stationary phase 
for achiral SFC applications. Figure 9 
displays the data generated for all four 
chemical classes on the nonendcapped 
nitro phenyl column in this study. 
The highly variable results for the four 
classes on this single column summarize 
the need for development of a universal 
phase for achiral SFC. The amide chro-
matogram displays controlled retention, 
controlled elution, efficient peaks, and 
a vast degree of selectivity, making this 
phase the preferred suggestion for the 
analysis of amides. The carboxylic acid 
chromatogram reveals broad, inefficient 
peaks. This class of compounds also 
displays excessive retention as evident 
from the peaks eluted at 50–60 min and 
even several compounds that were not 
eluted from the column. The alcohol 
chromatogram displays the worst peak 
shape of all four classes of compounds 
on this column. Several broad peaks are 
observed in the UV data and alcohols 
12 and 13 had to be extracted from the 
mass spectrometer signal (see insert) to 
be visible. The amine chromatogram is 
self explanatory in the fact that this class 
of compounds is too strongly retained.  

Conclusion
A library of test analytes with a broad 
range of molecular properties was 
used to characterize the suitability 
of several investigational stationary 
phases as general tools for SFC separa-
tion. Although no single column was 
identified with broad utility across 
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the entire set of compounds, amides 
generally produced the most consistent 
peak shape across all stationary phases 
evaluated and amines tended to have 
the worst peak shape. The amines also 
were slightly less retentive, but fre-
quently yielded inefficient peak shapes 
with severe tailing (for example, in the 
case of silica). Carboxylic acids were 
on average the most strongly retained 
class of compounds on most of the 
columns evaluated. An estimated, 
normalized retention order would be 
carboxylic acids < amines < alcohols < 
amides with the carboxylic acids being 
the most strongly retained. From the 
endcapping study, it appears the silanol 
groups on the nonendcapped station-
ary phases play a role in maintaining 
the quality of separations and demon-
strates that silanols do play a signifi-
cant role in the separation mechanisms 
in SFC.  

We developed the color-coded chart 
shown in Figure 10 to summarize our 
findings. This chart is based upon the 
four chemical classes and the columns 
studied. In the chart, we identified 
the “best” column for each chemical 
class by taking into account selectivity, 
retention, and peak shape. These “best” 
columns can be used as a first line for 
separating chemical in the four chemi-
cal classes:

�Ethyl pyridine (nonendcapped) for 
carboxylic acids
	�DEAP (nonendcapped) for alcohols
	�Nitro phenyl (nonendcapped) for 
amides

	�GreenSep Basic (nonendcapped) for 
amines

In the future, more chemical classes 
of compounds will be subjected to these 
stationary phases to enable matching 
of additional chemical classes with 
its appropriate stationary phase. Ulti-
mately, the approach described in this 
study will lead to the development of 
new stationary phases for SFC and may 
lead to the development of a universal 
SFC stationary phase. 
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Table II: Commercially available amines used as test probes

Peak Name Structure USP 
Tailing

Half Width Peak 
Efficiency Per 

Column

1
N-[(E)-Phenylmethylide] 

naphthalen-1-amine
1.2 11,981

2 Noscapine 1.2 11,281

3 Trimipramine 3.0 4432

4 Amitriptyline 2.8 4932

5 Clomipramine 3.3 2713

6 1-Aminoisoquinoline 1.5 9364

7 Nortriptyline 1.7 7297
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Figure 7: Amine mix analyzed under standard chromatographic conditions on the 
endcapped (bottom) and nonendcapped (top) Basic column.
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conditions used in this study.
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Figure 10: Summary table of recommended stationary phases based on analyte 
structural classes.
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