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Abstract

The separation of carbohydrate diastereomers by an ideal size-exclusion mechanism, i.e., in the absence of enthalpic contri-
butions to the separation, can be considered one of the grand challenges in chromatography: Can a difference in the location
of a single axial hydroxy group on a pyranose ring (e.g., the axial OH being located on carbon 2 versus on carbon 4 of the
ring) sufficiently affect the solution conformational entropy of a monosaccharide in a manner which allows for members
of a diastereomeric pair to be separated from each other by size-exclusion chromatography (SEC)? Previous attempts at
answering this question, for aqueous solutions, have been thwarted by the mutarotation of sugars in water. Here, the matter
is addressed by employing the non-mutarotating methyl-a-pyranosides of b-mannose and p-galactose. We show for the first
time, using SEC columns, the entropically driven separation of members of this diastereomeric pair, at a resolution of 1.2-1.3
and with only a 0.4—1% change in solute distribution coefficient over a 25 °C range, thereby demonstrating the ideality of the
separation. It is also shown how the newest generation of online viscometer allows for improved sensitivity, thereby extend-
ing the range of this so-called molar-mass-sensitive detector into the monomeric regime. Detector multidimensionality is
showcased via the synergism of online viscometry and refractometry, which combine to measure the intrinsic viscosity and
viscometric radius of the sugars continually across the elution profiles of each diastereomer, methyl-a-pD-mannopyranoside
and methyl-a-p-galactopyranoside.
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Introduction

Among liquid-phase separation methods, size-exclusion
chromatography (SEC) is virtually unique in its ability to
separate analytes based on their solution conformational
entropy, AS. Because of the direct relationship between
AS and the flexibility of analytes in solution, SEC provides
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a direct route for comparing to each other the flexibilities
of monodisperse analytes, at identical solution conditions,
when separation proceeds by an ideal, or near-ideal size-
exclusion mechanism. A principal application of SEC to
the above effect, first introduced over a decade-and-a-half
ago [1], has been to study how various parameters—such
as anomeric configuration, glycosidic linkage, degree of
polymerization, linearity versus cyclicity, and intramolecular
hydrogen bonding—quantitatively affect the solution flex-
ibility of mono-, di-, and oligosaccharides, both at aqueous,
quasi-physiological conditions of temperature and pH and
in select organic solvents [2—8].

The importance of the above type of quantitation is noted
in the way molecular flexibility imparted by di- and oligo-
saccharide anomeric configuration, and glycosidic linkage
is responsible for differences in binding and docking of
enzymes and bacterial toxins [9, 10], in aptameric binding
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specificity [11], and in so-called site-directed presentation,
i.e., in the initiation of infection by bacteria and parasites
through interaction with glycosylation sites on the surface
of the proteins of the host organism [12]. For monosaccha-
rides, anomeric differences have been found responsible for
a-glucose selectively binding sugar transport proteins over
B-glucose [13], while diastereomeric configurational differ-
ences between the glucose, galactose, mannose, and talose
carbohydrate moiety in C-linked antifreeze glycoproteins
have been found to be essential to modulating recrystalliza-
tion—inhibition activity [14].

While generally considered a fairly low-resolution separa-
tion technique, SEC benefits from the commercial availabil-
ity of oligomeric columns with a low-molar-mass exclusion
limit, meaning that the separation power can be concen-
trated into a fairly narrow molar mass range (as compared to
spreading the separation power over a large range, necessary
for determining, e.g., the broad molar mass distributions of
many natural and synthetic macromolecules). Also, while
practitioners are generally reminded that SEC separates on
the basis of analyte size in solution (i.e., based on the hydro-
dynamic or solvodynamic volume of the analytes), the more
fundamental thermodynamic reality is that it separates based
on differences in the solution conformational entropy AS of
the analytes [15, 16].

Monosaccharide diastereomers can be viewed as pro-
viding one of the grand challenges in SEC separation, i.e.,
can SEC separate two analytes of the same molar mass,
same chemical formula, and essentially the same structure
save for the axial versus equatorial orientation of a single
hydroxy group on the sugar ring, and can it do so with
minimal enthalpic contribution to the separation? While
separation of sugar diastereomers by SEC and other liquid
chromatography techniques has been shown for various
aldohexoses and aldopentoses in aqueous solution [4, 6,
17], mutarotation (i.e., interconversion between a and
anomeric forms) in aqueous solutions and, even, in many
organic solvents, means that each peak in a chromatogram
generally corresponds to a heterogeneity of conformers in
tautomeric and anomeric equilibrium with each other at
the given solvent and temperature conditions. For exam-
ple, Fig. 4 in [4] purportedly shows the baseline-level SEC

Scheme 1 Structures of the OH
diastereomers methyl-a-p-
mannopyranoside and methyl- OH

a-D-galactopyranoside. Red -

asterisks denote location of the HO
axial hydroxy group on each HO
sugar

Methyl-o-D-mannopyranoside (o-MeMan)
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separation of galactose and talose. However, the peak for
talose is actually the peak for at least four major conform-
ers in equilibrium with each other at the experimental
conditions, because at 30 °C an aqueous solution of this
monosaccharide is composed of 28.7% 4C1 p-pyranose
conformer, 42.1% 4C1 a-pyranose, 17.9% 3E a-furanose,
and 11.1% E p-furanose [6, 18]. Likewise, hidden under
the galactose peak in that same figure is an equilibrium
solution composed of 64% *C, f-pyranose conformer,
30% 4C1 a-pyranose, 2.5% 3E a-furanose, and 3.5% °E p-
furanose [19]. (For both talose and galactose, the percent
of acyclics present in solution is < 0.1%).

To avoid mutarotation, sugars need to undergo chemi-
cal glycosylation at the anomeric carbon. (In the presence
of an acid catalyst, aldoses and ketoses react with alco-
hols to form glycosides [20].) Most commonly, methyl
glycosides are produced when the objective is to study
monosaccharides without the complications of mutaro-
tation. Here, we examine the methyl glycosides of a-p-
galactose and a-pD-mannose, the structures of which are
shown in Scheme 1. (The equilibrium composition of
galactose in water is given above; for mannose, non-gly-
cosylated 30 °C aqueous solutions are composed of 32.8%
*C, p-pyranose, 66.2% *C, a-pyranose, and a < 1% com-
bination of a- and f-furanose isomers [6, 18].) As can be
observed from Scheme 1, these two monosaccharides con-
stitute a diastereomeric pair, the only difference between
them being that in a-MeMan the axial hydroxy group is
located on carbon 2 (C,), whereas on a-MeGal the axial
OH is located at C,. (The difference in the location of one
hydroxy group, denoted by a red asterisk in Scheme 1,
obviously corresponds to a two-stereocenter difference
between these sugars.)

Given the incredibly small structural difference between
a-MeMan and a-MeGal, SEC separation by an entropic
mechanism would appear highly unlikely. However, with
the advances in oligomeric SEC column technology over
the last two decades, the availability of low-exclusion-limit
columns with very clean particle surfaces means that the
entire separation power can be concentrated in a low-molar-
mass region spanning only a few thousand g mol™! and that
enthalpic contributions to the separation should be minimal.

oHoH

HO
OH

OCHs OCHs

Methyl-o-D-galactopyranoside (o-MeGal)
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The rationale behind our choice of detectors for this separa-
tion is discussed next.

Combining Online Viscometry and Refractometry
Detection

The viscometer is generally considered a molar-mass-sensi-
tive detector [21]. This is due to the fact that the viscometer
responds to how an analyte enhances (generally, though a
decrease, while rare, is also possible [22, 23]) the viscosity
of a solution vis-d-vis that of the neat solvent. Einstein’s
viscosity equation provides a direct link between the solu-
tion viscosity # and the volume fraction ¢ of the solution
occupied by the analyte [24]:

n=ny(1+25¢+4¢” +...), D

where 7, is the solvent viscosity. (It should be noted that the
equation, as written, is for near-infinitely dilute solutions of
hard spheres. Corrections for non-spherical geometries have
been derived by Perrin, Guth, and Simha [25-27].) Given
the generally accepted relation between ¢ and the hydrody-
namic volume V, of a molecule in solution, as per:

= ]inAVh’ 2)

where c¢ is the analyte concentration in solution and N, is
Avogadro’s number, Eq. (1) can be written as:

5

From the above, it becomes clear why the sensitivity of
a viscometer increases with an increase in hydrodynamic
volume. The latter is related to molar mass via:

2[nIM
=Sy )

with the intrinsic viscosity [#] defined in Eq. (7) and accom-
panying discussion. This explains why the sensitivity of a
viscometer increases with increasing molar mass M [28]. At
identical experimental conditions, large analytes will create
a larger disturbance of flow as compared to their smaller
counterparts. Consequently, the difference between the vis-
cosity of a polymer solution and that of the neat solvent will
be greater than will be the difference between an oligomer
or monomer solution viscosity and the solvent viscosity. The
viscometer, the operation and applications of which have
been recently reviewed in this journal [29], is not a detec-
tor which is usually thought of as applicable in the study of
oligomers or, much less, monomers. While exceptions to this
can be found in the literature, these usually involve injecting
fairly high oligomer loads onto the SEC column to obtain
usable and reproducible chromatographic peaks [22, 23].

Recent work by our group has contradicted the above,
demonstrating how an online differential viscometer can be
used in the SEC study of various types of oligosaccharides
spanning all the way from hexamers down to dimers [7]. It
was noted that, in the oligomeric region, the viscometer can
behave in a matter more akin to a concentration-sensitive
detector than to a molar-mass-sensitive one. Shown here
is that the newest generation of online viscometer is also
capable of detecting monomers and that it does so with a
sensitivity superior to that of earlier generations of the same
type of instrument.

A differential refractometer was also part of the chro-

matographic setup, positioned following the differential
viscometer in the detector train. A refractometer is a con-
centration-sensitive detector, its response DRI, being pro-
portional to the concentration c of analyte in solution, as per
[15, 30]:
DRIresp x c X %, 5)
with the parameter on/dc representing the specific refractive
index increment of the solution at the solvent, temperature,
and wavelength conditions of the experiment. The response
of a viscometer, VISCreSp, is proportional [15, 29, 31, 32] to
the specific viscosity 7, of the solution, as per:

VISCresp X Mgp- (6)

In the case of both DRI and VISC, the proportionalities
become equalities through the instrument constants for the
particular pieces of hardware employed in the experiments.

From the above instrument responses, we see that the
intrinsic viscosity [#], defined as the ratio of the specific
viscosity of an analyte solution to the concentration of ana-
Iyte in the solution, in the limit of near-infinite dilution, as
given by [15, 16, 31]:

ny  VISC

[#] =lim — « =P
c—0 ¢

DRI, )
is obtained from the ratio of the responses of the viscom-
eter and refractometer. For a chromatographic experiment
employing both these detectors, as in the present case, [#]
can be obtained across the elution profile, for each chroma-
tographic slice, subsequent to correction for interdetector
delay and band broadening [33] if the detectors are con-
nected in series (as done here), or to correction for eluent
split ratio and column-to-individual-detector path length if
the detectors are connected in parallel.

Determination of intrinsic viscosity provides an example
of true detector synergism between the viscometer and the
refractometer, as it is a parameter obtained by combining the
information given by each detector, but which is not obtain-
able from either detector individually. Another example of
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viscometer—refractometer synergism is the determination of
an analyte’s viscometric radius R,. This radius is defined
conceptually as the radius of a homogeneous hard sphere
(i.e., of a hard sphere of constant density and composition)
which changes the viscosity of a fluid by the same amount as
does the analyte, and defined mathematically as [15, 29, 31]:

_(3mm "
R”=<107INA> ’ ®

where M is the molar mass of the analyte and N, is Avoga-
dro’s number.

The research presented herein aims to demonstrate that
SEC separations performed under “ideal” conditions, i.e., in
the virtually complete absence of enthalpic contributions to
the separation, are both possible and can be employed for the
near-baseline separation of monosaccharide diastereomers
representing a single conformer in solution; and to further
demonstrate that online viscometry is a sensitive means of
detection in this monomeric regime. This work, employing
multiple dimensions of detection [15, 16, 31, 50] rather than
of separation [51, 52], serves to showcase the sensitivity
of the latest generation online viscometer and its combined
power with online refractometry in the monomeric region,
as well as the virtually unique ability of SEC to separate
diastereomers, at high resolution, through an “ideal,” almost
exclusively entropic mechanism.

Experimental
Materials

Methyl-a-p-mannopyranoside (herein abbreviated as
a-MeMan) and methyl-a-p-galactopyranoside (abbreviated
as a-MeGal) were both from Fluka Analytical (Milwaukee,
WI) and sold as >99.0% purity (a-MeMan) and as >98.0%
purity (a-MeGal) by the manufacturer; their structures are
shown in Scheme 1. Dextran 668 K (dextran with peak-aver-
age molar mass M, of 6.68 X 103 g mol™!) was from Agilent/
Polymer Laboratories (Amherst, MA). Acetone and NaN,
were from Sigma-Aldrich (St. Louis, MO).

SEC/VISC/DRI Analysis

For the SEC/VISC/DRI experiments, 2 mg mL~! solu-
tions of each monosaccharide were prepared in deionized
H,0 +0.02% NaNj;, which also served as chromatographic
mobile phase. Solutions were injected either individually
or as mixtures, as described in “Results and discussion”,
at least in duplicate. The SEC system consisted of an
Agilent 1260 isocratic HPLC pump (Agilent Technolo-
gies, Santa Clara, CA) with autosampler, a Waters 2695
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column heater (Waters, Milford, MA), a column bank
consisting of four 6 um particle size, 120 A nominal pore
size, 7.8 mm X 300 mm Ultrahydrogel Columns (Waters),
a ViscoStar III differential viscometer (Wyatt Technol-
ogy Corp., Santa Barbara, CA), and a T-rEX differential
refractometer (Wyatt Technology Corp.). The vacuum
wavelength of the light source in the refractometer was
658 nm; the delay volume in the viscometer was set to
16.2 mL. The ViscoStar III is a Wheatstone-bridge-type
viscometer that benefits from patented auto-tuning for
automatic balancing of the bridge [34] and patent-pending
solvent compressibility correction to improve pump pulse
rejection [35]. The SEC system was equipped with a 0.22-
pm nylon filter inline between the pump and the injector.
The injection volume for each solution or mix was 400 pL.
Flow rates and column and detector temperatures were
as outlined in “Results and discussion”. For experiments
at 25 °C, sample compartment, columns, and detectors
were all maintained at this temperature. For experiments at
50 °C, this denotes the column and detector temperatures,
while the sample compartment temperature was 40 °C
(this being the maximum temperature that the autosampler
could achieve). Data acquisition and processing were per-
formed with ASTRA (v. 7.3.2, Wyatt Technology Corp.).

The specific refractive index increment (dn/dc) of each
monosaccharide, a parameter which has been reviewed
in this journal recently [36], was calculated based on the
gravimetrically determined concentration of each indi-
vidual monosaccharide solution and assuming 100% ana-
lyte recovery from the SEC columns. This assumption is
supported by the purity and monodispersity of the sugars
combined with the essential absence of enthalpic contribu-
tions to the separation and the equilibrium nature thereof
(see “Results and discussion”). For a-MeMan, the dn/dc
(in water at 25 °C and at a vacuum wavelength of 658 nm)
was determined to be (0.1298 +0.0008) mL g_l, while for
a-MeGal at the same experimental conditions the dn/dc
was (0.1206 +0.0001) mL g~".

The chromatographic resolution R, of blends was cal-
culated using the Peak Fitting Module in OriginPro 2015
(OriginLab, Northampton, MA), using Eq. (9):

Xc2 - Xcl

Rj=—F,
0.5(w2 - wl) ©)

S

where X, and X, are the peak centers of gravity and w, and
w, are the constructed base widths, both based on a Gaussian
fit of the chromatograms.
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Results and Discussion
Separating Diastereomers by SEC

Figure 1 shows the individual viscometer chromatograms of
both monosaccharides, a-MeMan and a-MeGal, obtained at
25 °C and at a flow rate of 1 mL min~!, overlaid upon each
other. Given the small overlap between these peaks, separa-
tion of the diastereomers when these are in a mixture with
one another appears likely. Indeed, as seen in Fig. 2,ina 1:1

1.0 4
o
(]
c
]
Q.
]
[
S
G 0.5-
2
Q
£
o
o
2
>
o-MeGal o-MeMan
0.0
M L M L M L M L M 1
35 36 37 38 39 40

Retention volume (mL)

Fig.1 Overlay of SEC/VISC traces of individual methyl-a-
glycosides, methyl-a-galactoside (a-MeGal, blue trace), and methyl-
a-mannoside (a-MeMan, purple trace), at 25 °C and 1 mL min~! flow
rate. See “Experimental” for details

Fig.2 Overlay of SEC/VISC 1.0 5
traces of a 1:1 mix of a-MeGal

and @-MeMan at (black)

1 mL min~", 25 °C; (red)

0.5 mL min~", 25 °C; (blue)

0.25 mL min~", 25 °C; (green) L

mixture at the same temperature and flow rate a-MeMan and
a-MeGal separate with a chromatographic resolution R, of
1.20. Overlaid upon this chromatogram in Fig. 2 are chroma-
tograms of the same 1:1 mixture analyzed at the same tem-
perature at flow rates of 0.5 mL min~' and 0.25 mL min~".
As seen in Table 1, as flow rate decreases, R, increases. This
indicates that we are operating in the C-term region of the
van Deemter curve. Here, SEC separation is dominated by
the Cgy, subterm of the expanded van Deemter expression,
corresponding to stagnant mobile phase mass transfer [15,
16]. We also note that increasing the temperature from 25
to 50 °C actually results in a decrease in R, from 1.29 to
1.22; consequently, experiments were conducted at the lower
temperature.

Given that only a very small gain in R, from 1.29 to
1.32, is achieved when decreasing the flow from 0.5 to
0.25 mL min~! (meaning that we are approaching the van
Deemter optimal flow rate [15, 37, 38]), but the exper-
imental time is doubled in doing so, we opted for the
former flow rate when performing experiments to evalu-
ate the effect of temperature on chromatographic resolu-
tion, solute distribution coefficient, and to study mixture
ratios. Running at 0.5 mL min~!provides a benefit addi-
tional to its rate-theoretical advantages. In general, the
signal-to-noise ratio of bridge viscometers improves at
higher flow rates. The reason for this is that, for a fixed
capillary diameter, the strain rate applied to the sample
increases in a manner directly proportional to the flow
rate. With careful instrument design, the noise will be
limited by either the stability of the pump or by the elec-
tronic noise in the measurement circuit. This study was
performed using a new bridge viscometer design that

—— 1mLmin", 25°C
——0.5mL min", 25°C
——0.5mL min", 50 °C
——0.25 mL min", 25°C

0.5 mL min~", 50 °C. See b
“Experimental” for details g
Q
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Table 1 Change in SEC

. . Flow rate (mL min~") R
resolution, R, as a function :
of flow rate for separation of 1.00 1.20
a-MeGal and a-MeMan 0.50 129

0.50 (50 °C) 1.22
0.50 (3:1 mix) 1.10
0.25 1.32

All results for analyses of an
a-MeGal/a-MeMan 1:1 mix at
25 °C, except where noted par-
enthetically. R, was calculated
employing Eq. (9) in text. In
all cases, standard deviation is
R,< +0.01, withn>2

1.0 4

3:1 a-MeGal:a-MeMan
1 mL min™, 25 °C

Viscometer response

35 36 37 38 39 40
Retention volume (mL)

Fig.3 SEC/VISC chromatogram of a 3:1 mix of a-MeGal and
a-MeMan, obtained at 0.5 mL min~! and 25 °C. See “Experimental”
for details

corrects for compressibility effects in the instrument
[35] so that resulting data were limited only by electronic
noise. As a result, running at 0.5 mL min~! provides an
additive benefit to the van Deemter advantages of doing
so, to give the lowest noise data.

In comparison with the above results for 1:1 mixes,
Fig. 3 shows the SEC/VISC chromatogram for a 3:1 mix
of a-MeGal/a-MeMan. As can be seen from Table 1 and
when comparing this figure to the red trace in Fig. 2, the
R, of the 3:1 mix is lower than that of the 1:1 mix at the
same flow rate and temperature, 1.10 versus 1.29. Again,
while not baseline-resolved, the separation of the two
diastereomers from each other is still quite remarkable
given the large difference in their relative concentrations
in the 3:1 mix.

@ Springer

An Entropically Controlled Separation

Having shown that the methyl glycoside diastereomers can
be separated from each other, with good chromatographic
resolution, using size-exclusion columns, it remains to be
proven whether this separation actually occurs via a strict
size-exclusion mechanism. The latter is defined as a sepa-
ration in which the solute distribution coefficient, Kggc,
depends only on the standard entropy difference between
the phases, AS°, the two phases here being the flowing
mobile phase outside the column pores and the stagnant
mobile phase inside the pores [15, 16]. In a so-called ideal
size-exclusion separation, the standard enthalpy difference
between the phases, AH®, does not contribute to the sepa-
ration. As such, we can write [15]:

Kskcideal = A5 /R, (10

where R is the gas constant. Equation (10) indicates that in an
ideal SEC separation retention is temperature-independent.
Calculation of Kgp is done using Eq. (11) [15]:

Vi =V
Ko = 9
SECE YTy, an

where Vy is the retention volume of the peak maximum, V,,
the void volume of the columns (calculated using Dextran
668 K; see “Materials”), and V; is the total column volume
(calculated using acetone). From here, the solution confor-
mational entropy AS of the analytes can be calculated via:

AS = RInKye. (12)

In reality, of course, there will always be some enthal-
pic contributions to the separation. Consequently, we
speak of “near-ideal” SEC separations, generally under-
standing these to be SEC separations in which K¢p- shows
little dependence on temperature, with changes in Kqgc on
the order of less than 10% as a result of a 10 °C or more
change in temperature [3-6].

Both methyl glycosides were analyzed at 25 °C and at
50 °C, individually and also as a 1:1 mix. Graphical results
for the latter are shown in Fig. 2. Table 2 shows the results
for the individual glycosides. (The negative sign on AS
is due to the fact that solute permeation into the pores
of the column packing material in SEC corresponds to a
loss of conformational entropy [15].) As can be seen, over
a 25 °C change in temperature the change in Kgp- was
only 1% for a-MeMan and only 0.4% for a-MeGal. We
can conclude from these results that the SEC separation
of these diastereomers proceeds by as close to an “ideal”
size-exclusion, entropy-controlled mechanism as possible,
i.e., with a virtually complete absence of enthalpic contri-
butions to the separation.
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Table 2 Change in K¢ and AS
as a function of temperature for

25°C

50°C %Al

methyl glycosides

AS(Jmol™' K™ Kge

AS(Omol™' K™y  Kge AS Kgrc

Me-a-mannopyranoside
Me-a-galactopyranoside

-2.19
—2.85

0.768
0.709

-2.10
—2.88

0776  4.11 1.03
0.706 1.05  0.423

Flow rate, 0.5 mL min~!. All standard deviations < + 1 in the last significant digit, for n>3. Kgzc and AS
calculated employing Eqs. (11) and (12) in text, respectively

It should be noted that the almost complete independ-
ence of retention volume on either flow rate or temperature,
as seen in Fig. 2, attests to the equilibrium nature of the
SEC separation. (According to chromatographic theory,
SEC retention is an equilibrium, entropy-controlled, tem-
perature-independent process [15, 16]). Chromatographic
band broadening, of course, is neither temperature- nor
flow-rate-independent, which is why differences in R, are
observed as a function of changes in these two parameters,
even while the retention volumes of the individual analytes
remain constant. The greater entropy of the galactoside over
the mannoside, as seen in Table 2, appears due to the A2
effect [44], i.e., to the greater destabilization of the pyranose
ring when the axial OH is located on carbon 2 [20, 44—48].
A more complete explanation of this effect and of its influ-
ence on the solution flexibility of monosaccharides can be
found in references [4, 6].

Detector Synergism: Online Viscometry
and Refractometry

For the present analytes, the intrinsic viscosity of each
monosaccharide, defined as per Eq. (7), was measured at
25 °C for individual runs at 1 mL min~!, for 1:1 mixes at

Fig.4 Overlay of intrinsic
viscosity [#] (blue open circles) 1.0 4
and viscometric radius R, (open
magenta squares) upon an
overlay of the viscometer (solid
red line) and refractometer
(solid green line) chromato-
grams of a 1:1 mix of a-MeGal
and a-MeMan, at 25 °C and

0.5 mL min~!. See “Experimen-

Detector response (arbitary units)

0.5 mL min~! and 1 mL min~! and for the 3:1 a-MeGal/a-
MeMan mix at 0.5 mL min~!, with little variability among
these. Figure 4 shows an overlay of the intrinsic viscosity
of each monosaccharide upon an overlay of the viscometer
and refractometer chromatograms, for a 1:1 mix at 25 °C
and 1 mL min~!. The [#] of the two sugars are quite similar
to each other, and, in both cases, there appears to be lit-
tle variability in [#] across the chromatograms, as expected
for monodisperse species. It is also worth noting the little
(essentially zero) distortion in peak shape as the chromato-
graphic bands travel from the viscometer to the refractom-
eter and within these detectors.

Calculation of the intrinsic viscosity is an example of true
detector synergism. As seen from Eq. (7), [#] is obtained
from the ratios of the viscometer and refractometer sig-
nals after correction for interdetector delay and interdetec-
tor band broadening. This ratio can be done for each slice
eluting from the columns, to map how [#] changes (or not)
across the chromatogram. Another example of how the infor-
mation from viscometer and refractometer combines is given
by the viscometric radius R,, defined in Eq. (8) [49]. Here,
the intrinsic viscosity just calculated is used in conjunction
with the analyte molar mass, 194 g mol~! for both a-MeGal
and a-MeMan, to obtain Rn, one of several possible metrics

A

(,.6 Jw) [£] AysoasiA oisulnu)
(,.01 X wu) "y snipes d1}dWOISIA

tal” for details 0.5+
-3
=3
-2
0.0 T T T T T T T T 6 -1
35 36 37 38 39 40

Retention volume (mL)
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of analyte size in solution. As can be seen in Fig. 4, there is
essentially no measurable difference in the R, of a-MeMan
and a-MeGal, indicating that the present separation is not
simply based on differences in solution size but rather, as
explained earlier, on more fundamental solution conforma-
tional entropy differences.

The sensitivity of this new generation viscometer is seen
to be superior to that of earlier generations: Previously,
signal-to-noise (S/N) ratios for even larger oligosaccharides
(dimers, hexamers) were measured to be ~ 15 to 20 [7]. In
the present case of a-MeMan and a-MeGal, for the same
injection volume, flow rate, and number and type of col-
umns, but twice the concentration as in our earlier oligosac-
charide study (2 mg mL! here versus 1 mg mL™! previous),
we measured an S/N of ~ 120 for both monosaccharides; i.e.,
the present generation viscometer employed herein appears
to be 3 to 4 times more sensitive that previous viscometers
of the same type, and certainly sensitive enough to allow
for the study of not only oligomers and dimers but also, as
demonstrated here, of monomers.

Conclusions

Demonstrated here is the size-exclusion chromatographic
separation of a diastereomeric pair of non-mutarotating
monosaccharides, methyl-a-p-galactopyranoside, and
methyl-a-pD-mannopyranoside, which differ from each other
merely by the positioning of a single, axial hydroxy group.
The separation was shown to proceed at equilibrium and by
an “ideal” size-exclusion, entropy-controlled mechanism,
essentially devoid of enthalpic interactions between the ana-
lytes and the column packing material. Chromatographic
resolution of 1.2-1.3 was achievable with current oligomeric
column technology coupled with the increased sensitivity
associated with the latest generation differential viscometer.
The latter, which is not normally considered adequate for the
detection of small-sized, low-molar-mass analytes, is shown
here to detect monomers with excellent signal-to-noise ratio.

This study serves to highlight the power of SEC in the oli-
gomeric region, down to the monomeric regime. The ability
to separate monodisperse analytes by an entropy-controlled
mechanism allows quantitative study of their flexibility in
solution, a parameter which, for mono- and higher-order sac-
charides, has been shown to influence enzymatic docking
and binding, sweet response, the modulation of recrystal-
lization—inhibition activity, etc. That the newest genera-
tion online viscometer can operate in this low-molar-mass
range with superior performance allows not only for a new
type of measurement for monomers but also for additional
knowledge to be obtained about these analytes by combin-
ing the information gleaned from the viscometer with that

@ Springer

from other types of detectors such as refractometers. Mul-
tidimensional detector synergism between viscometric and
refractometric detection is showcased here via measurement
of the intrinsic viscosities and viscometric radii of the two
monosaccharides, across the chromatograms, when exam-
ined either individually or as part of a mix of the two sugars.
Adding either a static or dynamic light scattering photometer
to this detector train can provide additional advantages by
way of direct measurement of molar mass and of information
related to other size parameters, such as the hydrodynamic
or Stokes radius, among others.
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