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Abstract

The linear relation I’ = Bn + In A between the retention factét in liquid adsorption chromatography (LAC) and the
number of repeat unitswithin a homologous series of oligomers is called Martin’s rule. This empirical relation was supported
by the retention behavior of the homologous series of different classes of oligomers but had no theoretical justification. In this
paper, it is demonstrated that Martin’s rule is a consequence of the general theory of liquid chromatography and the molecular
sense of coefficient andA is clarified:B is the Gibbs energy of the repeat unit of the long polymer chain adsorbed at the wall
surface, and\ is a combination different parameters which characterize the column and the adsorption correlatiod.length

The theory predicts the deviations from the linear dependence under conditions of weak adsorption between repeat units and
stationary phase whétis close to radius of gyratioRy. Experimental data for retention volumes and selectivity of poly(ethylene
glycol)s are given for normal and reversed-phase LAC on different columns in acetone—water and methanol-water as mobile
phases. These data show excellent agreement between the theory and experiments. It is shown that Martin’s rule holds under
special conditions, which are theoretically defined by the relation Ry/1.5.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the molecular structure of polymer chains and the
thermodynamic properties of stationary and mobile
It has been a persistent goal in chromatography phases.
to predict the dependence of the retention time (or In order to make different columns comparable, the
volume) on molar mass, solute and adsorbent’s char- dimensionless retention factlirhas been introduced,
acteristics. For this purpose, both theoretical and which is given by the retention volumé of the solute
pragmatic approaches have been used to relate theand the total void volum¥ of the columnk’ = (Vg—
retention volume to a variety of parameters, including Vp)/ Vg is thus independent of column dimensions. An
important problem is the correct determination of the
"+ Corresponding author. Tek:43-3163805328: void volgme[6,12—14] We follow the definition Qf '
fax: +43-3163809840. the mobile phase volume as the total volume of liquid
E-mail address: bernd.trathnigg@uni-graz.at (B. Trathnigg). phase in the column.
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The retention factok’ is frequently used in stud-
ies of the retention mechanism in liquid chromatogra-
phy instead of the elution volume or elution time. A
simple relation between the retention fadtband the
number of repeat units within a homologous series
of oligomers was suggested by Marfit] in 1949,
who found empirically, that within homologous series
K increases exponentially with the number of repeat
units n (e.g. in reversed-phase chromatography with
the number of methylene groups).

k' = Aexp(Bn) (1)

The logarithmic form ofEq. (1) is well known as
Martin’s rule.

Ink' =Bn+1InA 2

whereinA andB are empirical coefficients. This linear
relationship between ki and the chain length has
been observed experimentally for many homologous
series of different classes of oligomers, such as alkyl
benzenef?,3], aliphatic ketonep!], alkyl aryl ketones
[4], and alcoholg5].

It was shown thaB strongly depends on the com-

position of the mobile phase. This dependence was

expressed by empirical equations in polynomial form
with two and three termfS]. Some scientists also de-
scribed a dependence Afon mobile phase composi-
tion and tried to establish a correlation betweeand
B [7].

The linear dependenc&q. (2) has been used for
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The non-linearity of retention data for homologous
series becomes even more obvious, when the selec-
tivity S = &, ,/k, is plotted versus.. According to
Martin’s rule, the selectivity has to be constant but in
reality the value of selectivity increases with decreas-
ingn[7,11,16]

Most of these experimental data on retention behav-
ior of oligomers were obtained in the case of strong
adsorption for rather short homologous series (with
typically no more than 10-15 repeat units). The de-
viations from linearity were typically observed in the
region below 4-5 repeat units, depending on the series
[11,17]

Some scientists explained these deviations in terms
of a gradual loss of conformational entropy of the so-
lute with increasingn [11,18] It was also suggested
that deviations should be expected whehecomes
larger than a critical value, which depends on the
length of the bonded moieties in the stationary phase
[11,17] There were other suggestions, too, such as a
discontinuity of the gradual increase of London forces
between the solute and suppp#t, but none of them
could provide a really convincing explanation.

Recently, we have studied the retention behavior of
PEG and PPG with up to 70 repeat units in isocratic
regime using different mobile phase compositions
[19]. Obviously, this can only be achieved under con-
ditions of weak adsorption interaction between repeat
units and stationary phase. It was shown that devia-
tions from linearity occurred below a certain number

various purposes, such as the evaluation of solventof repeat units, which increased with decreasing

eluotropic strengtffi7], the optimization of separation,
etc. [8,9]. An overview is given in several reviews
[7,10-12]

The validity of Eq. (2) was so generally accepted

strength of the interaction.

In this paper, we will discuss the nature of these
deviations and show that Martin’s rule is a result of the
theory of liquid adsorption chromatography (LAC).

that it was also used as a basis for estimating column We shall use the term LAC in the subsequent text as

dead volumeg6,12—-14] which is a persistent prob-
lem in HPLC. There was, however, no rigorous ther-
modynamic reason to justify this linear behavior.

a synonym to interaction chromatography, regardless
of the nature of the interaction (whether adsorption or
partition)[20,21] We will show the molecular sense of

Most of the authors considered the dependence of the coefficient®\ andB. Moreover, we will present the

Ink’ on n as straight lines, although considerable de-
viations were observed in the lower molecular range.
This was demonstrated experimentally for several ho-
mologous series, in which a wide range of solute chain
length and different solvents were includgd]. The

slope for long chain solutes was virtually constant but

criteria, under which Martin’s rule holds, and discuss
the behavior of selectivity.

2. Experimental

as the chain length decreased the slope of the curve These investigations were performed using the den-

increased slightly6,11].

sity detection system DDS70 (CHROMTECH, Graz,
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Austria), which has been developed in our group. Data rier gas, the pressure at the nebulizer was set to 2.0 bar
acquisition and processing was performed using the and the temperature of the evaporator t¢ G0
software package CHROMA, which has been devel- The solvents (acetone, methanol and water, all
oped for the DDS 70. HPLC grade) were purchased from Roth, Karlsruhe,
Columns and density cells were placed in a ther- Germany. The mobile phase compositions are al-
mostatted box, in which a temperature of 280was ways given in wt.% (i.e. 85% methanol denotes
maintained for all measurements. In both systems, methanol-water 85:15 (w/w)). Polyethylene glycols
the columns were connected to two column selection were purchased from Sigma-Aldrich, Vienna, Austria
valves (Rheodyne 7060, from Rheodyne, Cotati, CA, and Fluka, Buchs, Switzerland.

USA). The radius of gyration of PEG was estimated using
In reversed-phase LAC, the mobile phase was de- the relationRy = a+/n/6 according to literature data
livered by a Jasco 880 PU pump (Japan Spectrosopic[22] corresponding to the unperturbed dimensions of

Company, Tokyo, Japan) at a flow rate of 0.5 ml/min. polyoxyethylene.

A Bischoff 8110 RI detector (Bischoff, Leonberg, Ger-

many) was connected to the DDS 70. The following

columns were used in RP-LAC: 3. Theoretical considerations

Prodigy 5um ODS3 (from Phemonenex, Tor-
rance, CA, USA), silica-based octadecyl phase,
250mm x 4.6 mm, particle diameter: pm,
nominal pore size: 10 nm.

Spherisorb ODS2 (from Phase Separations Ltd.,
Deeside, Clywd, UK), silica-based octadecyl
phase, 250 mmx 4.6 mm, particle diameter:
5wm, nominal pore size: 8 nm.

Spherisorb S& C18 (from Phase Separations Ltd.,
Deeside, Clywd, UK), silica-based octadecyl
phase, 250 mmx 4.6 mm, particle diameter: Vr = Vi +KVp 3)
5pm, nominal pore size: 30 nm.

Spherisorb S5P (from Phase Separations Ltd., Dee-
side, Clywd, UK), silica-based phenyl phase,
250mm x 4.6 mm, particle diameter: pm,
nominal pore size: 8 nm.

Jordi Gel 500 RP (from Jordi, Bellingham, MA,
USA): 100% divinylbenzene, 250 mm4.6 mm,
particle diameter: fum, nominal pore size:
50 nm.

The general concept of LC considers the column
as a combination of the interstitial (free) volunde—
the volume of the mobile liquid phase, and the pore
volumeVp—the volume of stagnant liquid phase. The
surface of the pores can be solid (e.g. plain silica in
normal phase LC) or modified with surface grafted
alkyl chains (as is typically the case in reversed-phase
LC). The surface outside the pores is not taken into
account. The retention volume is then given by:

wherein the distribution coefficieit reflects the parti-
tioning of solutes between the free voluMeand pore
volumeV,. The distribution coefficieri is defined as
the ratio of the average polymer concentration in the
pore and the concentration in the interstitial volume.
From thermodynamically point of view the distri-
bution coefficientk = exp(—G/RT) is related to the
change of the Gibbs enerdy of the polymer chain
when it transfers from the free volunwg into the pore
In normal phase LAC, a flow rate of 0.5 ml/minwas  volumeV,. We will use the state of the polymer chain
maintained with an ISCO 2350 HPLC pump (ISCO, in free volume as a referent state and @Gas the
Lincoln, NE, USA). A Spherisorb S3W column (from  change of the Gibbs energy insteads. The Gibbs
Phase Separations Ltd., Deeside, Clywd, UK), plain energyG can be determined experimentally using:

silica, 150 mmx 4.6 mm, particle diameter: 3m, G Ve—V,
nominal pore size: 8nm was used for all NP-LAC TR InK =1In v 4)
measurements. P

Samples were injected using a Spark 125 autosam- Relation (3) is typically applied in size-exclusion chro-
pler equipped with an 2@l loop. A Sedex 45 ELSD  matography (SEC) where @ K < 1. We will use
apparatus (Sedere, Vitry sur Saine, France) was con-this relation in LAC wherek > 1 and in critical chro-
nected to the DDS 70. Nitrogen was used as the car- matography (LC under critical conditions, LCCC),
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whereK is close to unity. The reason of this extension
is connected with the physical meaning\4{.

The retention volum&'r is the partition function of
a polymer chain in a chromatographic column, which
corresponds to the sum of the partition function of a

polymer chain in free space and inside a pore at any ad-

sorption interaction between polymer chain and pore
surface. All conformations of polymer chain in the
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Only the overall distribution coefficier is impor-
tant for retention, since a molecule moves through the
column, when it is in the interstitial volume, and it is
retained, as long as it is in the stagnant volume within
the pores, regardless whether in floating or adsorbed
states.

The general theory of LC considers the distribu-
tion coefficient as the partition function of the poly-

column can be separated into mobile and stationary mer chain in porous media. The overall distribution
conformations. Mobile conformations are the confor- coefficientK results from two partitions, namely be-
mations of the polymer chain in the interstitial volume tween the mobile phase in the interstitial volume and
where a polymer chain exists as a coil in free vol- (a) floating state in the pord§; and (b) the adsorbed

ume. Stationary conformations are the conformations
of the polymer chain inside the pore volume. These
stationary conformations can be separated into float-
ing and adsorbed conformations ($€g. 1). Floating
conformations have no contact with the pore surface.
Adsorbed conformations have at least one unit of the
polymer chain in contact with the wall surface. The
statistical weight of each adsorbed conformation de-
pends on the adsorption interaction. The weights of
floating conformations do not depend on the adsorp-
tion interaction and are close to unity as for the coil in
mobile conformations (in free volume). The amount
of the adsorbed conformations is much smaller than
the amount of floating conformations but the weight
of the typical adsorbed conformation is much higher
than unity.

Consequently, the full distribution coefficieKt(or
the full partition function) is the sum of the distribu-
tion coefficientKy andKagsof floating and adsorbed
states:

K = K + Kads %)

Fig. 1. Partitioning of polymer molecules in adsorption liquid
chromatography (schematic representation).

stateKygs as is shown schematically Fig. 1

The general theory of LC operates with two funda-
mental parameters: the radius of gyratiRyand the
correlation lengttH. The radius of gyratiofgy for the
model of a polymer chain as a Gaussian coil is given
by Ry = a+/n/6, whereinn is the number of repeat
units anda is the length of the segment.

We will assume that (and thusRy of a given
oligomer) does not change dramatically when the elu-
ent composition is changed. An accurate determina-
tion of Ry in mixed solvents is experimentally difficult.

It is, however, not necessary in a study of retention in
different regimes of interaction, if different columns
with different selectivity are compared in the same
mobile phase. As will be shown later on, the influence
of mobile phase composition d&y can be studied in-
directly. The pore medium is considered as a slit-like
pore with the widthD. We will treat the case of wide
pores O > Rg), which is the most common situation
in LAC.

For this model, the distribution coefficieldfj which
takes into account the conformations of the polymer
chain inside the pore volume having no contacts with
the pore surface was calculated by Casassa and Tagami
[23,24]and formed the theory of size-exclusion chro-
matography:

4 Ry

Jz D

It must be mentioned that this equation is restricted
to the linear part of the SEC calibration curve and
assumes uniform pores.

The general theory of L(25,26] takes into ac-
count the ternKy and the ternK,qs which depends
on adsorption interactions. The interaction between re-
peat units and the solid phase is characterized by the

Ki = Ksgc~

(6)
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self-associated (collapsed) st§?8] and that there is
ﬁ A an adsorbed layer of organic solvent on the hydropho-

“ANJ A~~~ bic layer of reversed-phase adsorbe8].

Because the structure of the adsorbing layer on a

I solid surface is similar to the structure on top of the

Fig. 2. Schemati ation of | hain adsorbed brush, we will apply this model to both normal and
ig. 2. Schematic representation of a polymer chain adsorbed on a .
solid surface, corresponding to the normal phase LAC. The average reversed phases. Therefore, the flat conformation of

thickness of the adsorbing layer is indicated by the dotted line.  the adsorbing chain witlt/ < Rg, which is typical
for the situation of strong interaction can be presented
schematically as ifrig. 2for NP as well as for RP.
correlation lengttH. The value ofH is measured in The value ofH strongly depends on the mobile
nanometer and has a simple physical sense in LAC. phase composition, but it does not dependipand
Let us consider a long polymer chain grafted at the n, and thus not ofy. According to the general theory

solid surface, as is shown schematicallyFig. 2 In of LC the distribution coefficienKagshas a form:
the case of adsorption, this chain exists in more or less 2H Ry
flat conformations with loops and trains and forms the Kads= D [Y (_E> - 1} (7)

adsorbing layer. The average thickness of this layer is

H. Alternatively, the interaction parameter= 1/H whereinY(—f) = exp(t?) [1 — erf(—1)]: erf(—t) is the

can be used to characterize the interacf®. error function.As has been shov25,26), the func-
In reversed-phase LAC, the polymer is generally tion Y(—t) can be replaced in LAC by 2 exp}. Con-

believed to sink into a brush of alkyl chains grafted sequently, one may write:

on the surface of the stationary phase. It is possible o R2

to introduce an effective average thicknds¢sas is Kads= —exp(—g) (8)

shown schematically ifig. 3. D H

Depending on the structure of the bonded station- \yhich is the main equation of LAC, which holds, how-
ary phase, different models have been discug2gt ever, only in the case of sufficiently strong interaction.
It must be mentioned that reversed-phase LAC can According to the theory31,32} the Gibbs energy
as well be performed on non-polar solid surfaces, as of adsorbing long chain grafted to a plain surface is
is the case on the Jordi columns, which con_3|st of proportional to Rg/H)Z- The stronger the adsorption
100% poly(dwmyl benzene),_ and do not qontaln any the smaller isH. Therefore, the term eXﬁg/Hz) is
brush-like structure. There is also experimental ev- the partition function of the polymer chain grafted to
idence that bonded alkyl chains are mainly in the he wall surface.

The term 4/D connects with the probability to be-
come some unit of the chain close to the wall sur-

f\ face at first attachment. It reflects the “memory” of the

polymer chain about the time when it existed in flow
conformations and chaotically wandered in wide pore
D finding by her repeat units the adsorption regitn
close to the wall.

From the definitions oK andK/, it is clear that these
parameters are related by:

o K'=(K-1)— 9
Using Egs. (6), (8) and (9)we have in LAC:

Fig. 3. Schematic representation of a polymer chain adsorbed on )

an alkyl bonded stationary phase, corresponding to the usual model , 4 Ry 4H Rg Vo

of reversed-phase LAC. The average thicknidssf the adsorhing k= EB + FeXp N (10)

H2
layer is indicated by dotted lines. H Vo
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At H < Ry/1.5 one may neglect the first term, and put:

Vo 4V H RS
"X Kags— = — —exp| — 11
adsz Vo D p(H2 (11)
FromEg. (11)one obtains the relations:
1/a\2 Vo H
Ink' == (— +in(4-2 12
6 (H) < Vo D ) (12)
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which describes the retention of homologous series in Fig. 4. Schematic representation of a polymer chain close to the

LAC.
It must be mentioned that this relation holds only for

non-functional molecules, i.e. chains, the end groups

of which do not contribute to retention, regardless the
nature of the interaction. For functional molecules,
quite different situations occuiB3—35]

Eqg. (12) corresponds to Martin's rule: in such
graphs, the slop® = 1/6(a/H)? corresponds to the
Gibbs energy of the repeat unit of the long poly-
mer chain grafted to the wall surface. It strongly
depends (asl—2) on the mobile phase. The intercept
InA = In(4(VpH/VpD)) depends on characteristics
of the column; it shows only a weak dependence on
mobile phase composition (asH).

critical point of adsorption, corresponding to LCCC.

Substitution ofH yields:

AV6B = 4Vp :

VoD
If the adsorption interaction becomes weak, the aver-
age thickness of the adsorbed layer increases, while
the loops and tails become larger.

Fig. 4 shows the conformation withl close toRy
which are typical for weak adsorption. The region of
weak interaction withd ~ Rq corresponds to LCCC.
Eqg. (12)breaks down when the layer thicknddsis
comparable with the coil sizBy. The analysis shows
that beyond the regiot/ < Ryg/1.5 we are leaving

(13)

0 20

40

60 80

number of repeat units, n

Fig. 5. Calculated values of ki as a function
demarcation lineEq. (14).

ofn for different parametersf = 0.6, 1, 1.4 and 1.8. The shaded line indicates the
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LAC and entering in LCCC. In this case, the main Fig. 8 shows that there is a weak dependence of
Eq. (9)of LAC starts to be incorrect, and the general A+/6B on the mobile phase composition, which can
Egs. (5)—(7), and (9nave to be applied. originate from variation of eitheRy or the pore vol-
The border between LAC and LCCC is, however, ume with the water content. As has been shown by
diffuse. We will use the conditioRg/H ~ 1.5 as the other authors, the dimensions of a pore may change

demarcation line. It corresponds to: with the composition of the mobile phafEs,29,36]
Vp (Others have also described a dependence on temper-
k'~ 25@&11 (14) ature[6,37].)

Fig. 9shows the dependencies ofdron n (similar
The theoretical curves of ki versusn are shown in  toFig. 6) for PEG dimethyl ethers on the normal phase
Fig. 5for several values ofl. The shaded line shows column S3W in acetone—water of different composi-
the demarcation lingl4]. tion.
It must be mentioned that PEGs with terminal hy-
droxy groups can be considered as non-functionals in
4. Results and discussion reversed-phase LAC, but as difunctionals in normal
phase LAC, as the interaction of the polar hydroxy

Fig. 6shows Ik’ as a function of the number of re-  groups with the silica surface must be expected to be
peat units of PEG on the reversed-phase column Jordistronger than that of the EO unit. Consequently, PEG
in methanol-water of different composition as mobile dimethyl ethers had to be used for this comparison in
phase. the normal phase LAC.

Fig. 7shows a plot oB and InA as a function of the As can be seen frorRigs. 6 and 9the agreement
mobile phase composition. As could be expected, the between Martin’s rule and the experimental curves is
slope depends on mobile phase composition, while the quite good for longer chains (with a higher number
intercept is fairly constant. According t6q. (13)the of repeat units), but there are considerable deviations
combinationA+/6B depends om/D andVy/Vo only. from linearity at lowem.

37 . L / - -

In k”

—8- Jordi 40%
—o— Jordi 50%
——Jordi 60%
—a— Jordi 70%
—&-Jordi, 80%

¢ Jordi 90%

0 5 10 15 20 25 30 35 40
number of EO units, n

Fig. 6. Ink' as a function of the number of repeat units of PEG. Experimental data obtained on the Jordi column in methanol-water of
different composition (dotted lines from linear regression of higher oligomers (filled symbols)). The shaded line represents the demarcation
line (Eqg. (14).
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0.5
- -0.5
0.4 -
1.0
0.3 A <
) £
é_ 1.5 §
@ 9]
0.2 A kS
F-2.0
0.1 1
F-2.5
. . . . . . -3.0
30 40 50 60 70 80 90 100

wt-% methanol
Fig. 7. Slope B) and intercept (I®) in the Martin plot of PEG on the Jordi column in methanol-water of different composition.
The reason is physically clear: for long chains the ness of the adsorption layet) the shorter chains can
partition function of the adsorbing conformations be described by the adsorbing conformations only. If

dominates in the full partition function. The stronger the same mobile phase is used on different columns,
are the adsorption interactions (the smaller the thick- Ry will be constant, anyway.

0.3

A.sqrt(6B)

30 40 50 60 70 80 90 100
wt-% methanol

Fig. 8. Plot of Av/6B as a function of mobile phase composition (PEG on Jordi in methanol—water mobile phases).
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24
1 4
04
h2
£
14 —o— 95 % acetone
—8-90 % acetone
-2 4
—A— 85 % acetone
-3 4 —o— 80 % acetone
-4 T T T T T T T T |
0 5 10 15 20 25 30 35 40 45

number of EO units, n

Fig. 9. Ink’ as a function of the number of repeat units of PEG dimethyl ethers, as obtained on the S3W column in acetone-water of
different composition. The shaded line represents the demarcationHing14).

3 ) /
~
/ -
—
2 1 ]
—~
1 4
x -
£ —+— Jordi 40%
—o—S5P 40%
1
—o—0DS2 40%
2 5 Prodigy 40%
—A—S5X C18 40%
0 5 10 15 20 25 30

number of EO units, n

Fig. 10. Ink’ as a function of repeat units of PEG on different columns in methanol-water 40:60 (w/w) (dotted lines from linear regression
of higher oligomers (filled symbols)).
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selectivity

selectivity
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2.0 A
1.8 4
1.6 4
H=0.7
1.4 4
1.2 4
1 H=2.0
1.0 T T T T T T T T T .
0 20 40 60 80 100
number of repeat units, n
Fig. 11. Calculated selectivity as a function of the number of repeat units for two valuBs=00.7 and 2.0.
2.0 -
1.9 A
18 1 —o— Jordi 40%
1.7 4 —A—S5P 40%
1.6 A —- ODS2 40%
1.5 A -- O - - Prodigy 40%
1.4 A
1.3 A TA—A
At A A A~ A A
280 5oy
1.2 o g H0 o -B-o
: 60000
1.1 A
1.0 T T T T .
0 5 10 15 20 25
number of EO units, n
Fig. 12. Selectivity (for the EO unit) on different stationary phases in methanol-water 40:60 (w/w) as mobile phase.
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In Fig. 10 the experimental data (open symbols)
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the coefficientd and A in Martin’s rule Eq. (2) B

are shown together with the regression lines obtained is related to the Gibbs energy, and the intercps

for the higher oligomers (filled symbols), which corre-
spond to what would be expected from Martin’s equa-
tion. The slopes of the straight lines are quite similar
for the C18 columns (Sb; Prodigy, and ODS2), but
different for the phenyl phase and for the Jordi col-
umn. The intercept of the wide pore C18 column is
different from those of the other columns.

The deviation from linearity becomes even more
obvious when one looks at the selectivity, which is de-
fined by S = k’(n + 1)/k’(n). The selectivity should
be constant in the range where Martin’s rule holds.
As it follows from Eg. (12) the selectivity in LAC is
equal to(a/H)?/6 and increases with increase of ad-
sorption interaction a2 and does not depend on

a combination different parameters), which charac-
terize the column and the correlation length The
value of B has been usually identified with full Gibbs
energy, which is related to the distribution coeffi-
cient: G/RT = —In K and therefore depends on pore
size.

As we have shownB is the Gibbs energy of the
repeat unit of the long polymer chain grafted to the
wall surface. It does not depend on column volume or
pore size and depends only on the relatdid of the
polymer rigiditya and correlation lengthi.

In the literature, the relatiok’ = K| ¢ is generally
applied, whereinp = Vgi/ Vimob. The value ofK| is
often defined as the thermodynamic equilibrium con-

molar mass. The general theory of chromatography stant between the volumes of mobile and stationary

(Eq. (8) predicts, however, that selectivity should de-
pend on molar mass.

Fig. 11 shows the selectivity in dependence mn
as calculated b¥gs. (8) and (12)The shaded lines
show the limiting valuega/H)?/6. As can be seen,
at strong adsorption the selectivity is practically con-
stant for long chains and starts to grow wher: 10
only.

In a mobile phase producing the condition of weak
adsorption selectivity depends onin a wide region

phasd38]. Especially in new publicationd.8,30,39]
KL is identified as the distribution coefficierK,
which is related to the change of the full Gibbs energy
G/RT.

The volume of the mobile phad&,p is considered
as the total volume of the liquid phase in the column,
and the volume of the stationary phasg is consid-
ered as the volume of the silica-based alkyl brushes.
The valueVg; should strongly depend on the structure
of the derivatized silica material (on the length of the

of n (up to several dozen). The analysis shows that alkyl group, bonding type, bonding density).

selectivity is roughly proportional to &/ The corre-
sponding experimental data are showrFig. 12 As

Experimental dat§16,40] show, however, no dra-
matic changes of IK with the chain length of the

can be seen, there is at least a reasonable qualitativegrafted alkyl chains (from €to Cyg) in the same mo-

agreement.

5. Conclusions

The general idea of this paper was to apply the
theory of LAC for describing the dependencieskof
from molar mass (oRy) for different mobile phases

bile phase. It is obvious that this definition cannot be
applied to normal and reversed phases without alkyl
groups on the surface.

As we have shown, the relatidh = KagsVp/ Vo =
(K — 1)Vp/ Vo between retention factdk' and the
distribution coefficientK 545 of adsorbed state should
be used. This fundamental relation is just a result of
the existence of floating and adsorbed conformations

and different sorbents with normal and reverse phases.of polymer chain in the pore volume, and the def-
We have demonstrated that the retention factor and inition of retention factor. The retention factéft is

selectivity as functions of have a similar behavior

defined by the retention volume of a peak and the

on normal and reverse phases. In fact, this similar void volume or mobile phase volumé! = (Vg —

behavior is a result of the similar adsorption confor-
mations of a polymer chain on normal or reversed
phases.

On the basis of the general theory of liquid chro-

Vimob)/ Vmob- We follow the determination of the mo-
bile phase volume (or hold-up volume) as “the total
volume of the liquid phase in the columfiL5]. This
definition is equivalent to the “nothing is adsorbed”

matography, we have studied the molecular sense of convention[41].
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To obtain the void volume, “an unretained subs-
tance” (which could be methanol, carbon tetrachlo-
ride, acetonitrile or chloroform) can be injectégy.
ConsequentlyYmop = Vo = Vi + Vp.

On the other hand, there is the definition of the mo-
bile phase as theiinimal retention volume on a given
column [42]. It can be determined by injecting an
unretained substance with minimal retention volume,
i.e. a polymer with a molar mass above the exclusion
limit. In this case, there are no stationary (adsorbed or
floating) conformations inside the pores and mobile
conformations exist only outside the pores. As a re-
sult, Vmep Will be equal to exclusion limi¥/;, and the
relationk’ = (Vg — V§)/V; could be applied. Com-
bination with the main relation of liquid chromatog-
raphy Vg = Vi + KV, yieldsk’ = KV,/V; which is
in accordance with the definitioll = K¢, if we put
Vmob = Vi and Vs; = V).

Therefore, the solution of all problems we have
discussed before is the correct definition of the mo-
bile phase volumé/nep. In the case of the conven-
tion “nothing is adsorbed”Vmop = Vi + Vp, and
k' = (K — 1)Vp/(V; + Vp). If the convention “min-
imal retention volume” is appliedVmop, = Vi, and
k' = KVp/ Vi. In all cases, the pore volumé, is used
as the volume of the stagnant phase.
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