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ABSTRACT

A fundamental equation for discribing the relationship between the ecomposition of
the multicomponent mobile phase (CMCMP) and chromatographie retention (CRV)

” ”
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is derived by using statistical thermodynamic method. The equation is proven by a ter-
nary mobile phase experiment for 11 compounds. Based on this equation, we also ob-
tain retention equations for weak dissociative solute.

I. INTRODUCTION

In liquid-solid ehromatography (LSC), to derive a good relationship between
the composition of the mobile phase and the retention value is still an interesting
subject. Many vesearches on it have been made for binary mobile phase® ™, Re-
cently, there is an emphasis on the use of multicomponent mobile phase for satisfac-
tory separation™. Therefore, great attention is paid to the research on the relation-
ship between the composition of the multicomponent mobile phase and retention
value. Snyder reported the relationship between the composition of the mobile
phase and solvent strength”~* so that it can predict the retention value of sample
from the solvent strength. For binary solvent, Snyder’s equation is:
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Eq. (1) can be rewritten as™
Eap = €2 + 1—~°g(1,\7“/9“) : (2
any,

In Eq. (1) and Eq. (2), &, and g, are solvent strength values (¢°) for solvents
A and B, m, is the cross-sectional area of a molecule of B, N, and N, refer to the
mole fractions in mobile phase for solvents A and B respectively, and 6, is the
mole fraction of A in the stationary phase. A similar equation was presented by
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Snyder and Glajeh for multicomponent mobile phase.

These equations can be used only for less polar solvents B but can not be used
for more polar B solvents because of localization effect. Snyder and Glajech consi-
dered the effect of localization on the caleulation of the solvent strength. They
gave an expression to caleulate the localization function as an approximation for
calculating &’ value. However, it is only an empirical expression.

Based on the solubility parameter theory, Schoenmakers presented an eqguation
for deseribing the relationship between the composition of the ternary mobile phase
and the capacity factor of sample in reversed phase liquid chromatography (RPLC)™

In k; == Alfpi + Azqoﬁ + Bl(Pl + Bz(Pz + C + D(Pl(PZ) (3>

where, @, and ¢, refer to the volume fractions of two organic modifers in mobile
phase respectively, &, is the capaeity factor of solute 4, 4,, 4,, B,, B;, C and D
all are constants which relate to sample and stationary phase. Eq. (3) gives a
more accurate deseription of variation of retention with composition in eertain eon-
centration range in ternary RPLC system. However, when mobile phases of high
water content (¢, + ¢, =< 0.1) are used, Eq. (8) is insufficient ¥'®, it can only
be used in a limited concentration range.

In this paper, we theoretically derive a fundamental equation for describing the
relationship betweeu the composition of the multicomponent mobile phase and sam-
ple capacity factor by using statistical thermodynamic method". Qur experimental
resalts prove that the fundamental equation can predict the retention value accurately
in wide concentration range. In addition, retention equations are given for weak
dissociative solute by using the equilibrium principle of weak dissociative solute and
chemical dynamie method.

II. Tue Derivation or ChHrOMATOGRAPHIC RETENTION EQUATION FOR

NON-DISSOCIATIVE SOT.UTION SYSTEM

Consider an isolated system which has no material exchange with outside circum-

stance. The system contains the solute A, solvents B,, B,, -+, B, and adsorbent
S

In the system, the total partition function @ is

Q= (T4 T )% ] (Ts, - Js)% - 0, (1)

i=1

where Ty, Tp, are the translational partition functions of the solute A and solvent
B., Ja, Jg; are the internal partition functions respectively. As

"V_,\ << NBI’ ZVBZ}' * ')NB,,)
the interaction between solute molecule A as well as between molecule A and solvent

molecules B; can be neglected. The configuration partition fanetion, Q, can be
expressed as:
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where X refers to the potential of the molecule in the solution. According to the
smoothed potential model, we can obtain:

Q — 1 e‘ Xy A+Z(X -V, (Na +ZN ) (6)
Nat I ¥st
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where V,= N,V, + Z Ng,Vp, is the total volume of solution in the system and
i=1
Va, Vg, are the volumes of individual molecule in the liquid phase.

The Helmholze function of solution is:

= —RTInQ

- —RT{—ln Nat = S In Wayt — le— [)c,\zvA + (xB,NB,)]
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Therefore, the chemical potential of solute A in the solution is:
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The numbers of adsorbed molecules A, B, +-+, B, which have potential X3,
X5+, X3, denote Ni, N§,---,Ni . According to the ideal localized monolayers
model, the partition function of the adsorbent sunface is:

Ha =

>1n Vot n(Ts-To) + 3 [

i=1

u (T, - J,,,.)]}. (8)
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where Ng= N3 + Z N3, refers to the number of the adsorbed molecule on the adsor-
i=1

bent surface. The Helmholze funetion of adsorbent surface can be written as fol-

lows:

F¢ = —RT In @

- ——RT{ln Nt —In N3y — > In N3t — ;1? [x:N; + > (x;,.Ns,.)]

i=1 i=1
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+ NilnJi + D) N§, In J3,. (10)
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The chemical potantial of solute A on the adsorbent surface therefore can be

obtained
n F) aB,-
© = —RT {(1 + Z )ln Ne—lNg — 3 ( ]nNi‘;,)
i=1 i=1 aN:

—|m+ Z, (aN,,’ )|+ + Z (aNa In J3 )} an

Because of isolated system, it bas no material exchange with outside circum-
stance, therefore

ONi = —8N,, | 12)

AN}, = —dN,, (13)
then

ANy, BNy, ,

5N% ~ BN, (14)

Substituting Eq. (14) into Bg. (11), we obtain

oN ‘
F2=—RT{<1+Z >lnNS_1nNA—Z<6NBx] NAB,'>
A

i=1 =1

[ 2 G )+ m s+ 25 (G mn))
X+ L+ In Ty InJs ). 15
kT A 121 BN, B; 1y Z AN 11 g; (15)
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Both chemical potentials of solute A in the solution and on the adsorbent sur-
face are equal at equilibrium. We obtain

a " /BN Np, y
In ¥ =1n Ny o < ¥ -i) (1 + Z ) Ns + In <———JA )
Ny i=1 \ON, N?;- i=1 ¥, Ty Jda

i Z [BNA (le)] AT{XA — XN+ Z (6NA (Xs; — x;,-)]}- (16)

i=1 i=1 b
The potential of molecule A in the solution, X,, includes the Van der Waals
interraction energy and hydrogen bond energy involved the moleoule A, therefore,
the X, can be written as

7

XA = Z ZAB,'EAB,' + EAH) (17)
i=1
where £, is the hydrogen bond energy of molecale A, E s, refers to the Van der
Waals energy of the each pair of adjacent molecules A-B;, Zas; is the number
of molecule B, surrounding molecule A.

If we think the meeting each othér of the molecules as a random process, the
number of molecule B; surrounding molecule A is proportional to the concentration
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of solvent B; in the solution, that is
ZAB,' = KAB,- * Cp;» (18)
where K,p is a constant relating to molecule size.

Substituting Bg. (18) into Bq. (17), we obtain

Xy = Z K p,E pp;cp; + Epn- (19)

i=1
In the same way, we can write the potential energy of an adsorbed molecule
A as follows:

= > Kig.E s cs; + Eis (20)

i=1
where E3 is the adsorption energy of molecule A (If there is hydrogen bond be-

tween the adsorbed molecule A and solvent molecule, the term E3 also includes the
hydrogen bond energy).

Therefore,
Xo— Xy = > (Kus, — K3p)Es;c5;, + Ean — E3 (21)
i=1
and
— Xy, = Z (Ks;p; — K8 Es,pics; + Epn — B, (22)
i=1

We used Langmuir adsorption isotherm for multicomponent adsorption and
obtained an eqnation for deseribing the relationship between the composition and
retention™?

k' =a + b In (1 + > k,-cB,.) + ] cies, (23)

i=1 i=1
where a’, b', k; and ¢; are constants.

Eq. (23) was proven by Dai Chaozheng and Chen Bailin with a ternary mobile
phase experiment™!. However, it is difficult to obtain the constants in the Eq.
(23) from experimental data. On the other hand, under the liquid chromatography
condition, Freundlish isotherm is better than Langmuir’s for multicomponent adsorp-
tion, by using Freundlish isotherm,

4 = Nk, (24)
where k; and », are constants and
Vs,
cy; = 70—NB,.. (25)
We obtain
N, 1, Vs
N, = Nk - g (26)
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Substituting Egs. (21), (22),(26) into Eq. (16), the fundamental equation of
retention of non-dissociative solate in the multicomponent mobile phase system of
LSC can be derived as

ON J%; r
lnlc—lnNS+ln Z[ % n k il >]+ln< i >
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where Vg is the volume of the absorbent,

ON 5 a
¢=1In N“+an§+Z[ B'n( ok >]+111(L>
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1 ONs .
b,‘ = - {(KAB, KAB,)EAB, + Z [ (KByﬁ, K}jjB,')EBiBj]}) (27—2)

kT i LN,
62\“75’- 1
¢ = BN, (1 - ﬁ) (27-8)
It should point out that in the Eq. (27), Incp, — —o0 when c5—0, but when
¢y, = 0, the constant ¢; = < — _> must be zero because Ny = 0. So the term
A i '
¢ncy;, = 0 when c¢g,—0. it is easy to find constants «,b;, and ¢, from experimen-

tal data.

We prove Eq. (27) by using ternary mobile phase (hexane, ether and dichlo-
romethane) for 11 solutes. In the experiment, the high performance liquid chro-
matograph LC-Series 4 (made in PERKIN-ELMER Company in U. 8) is used,
chromatographic column packed with 54 silica is installed. Data processing is car-
ried out on the Data Station 3600.

For ternary mobile phase, the Eq. (27) can be written as,

In'ty = e+ bicg, + by, + ¢, In cp, + c;In"cp,. (28)

In the Table 1, the %’ values calculated form Eq. (28) and those from the
experiment are listed. There is a better coincide with both & values in the wide
concertration range. In the Table 2, we give the constants a, by, b;, ¢, and ¢,
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Table 1

The Experimental k' and Caleulated %" for 4 Solutes at 35 Concentration Points of
: Ternary Mobile Phase

Concentration Anthracene Benzonitrile Nitrobenzene Benzyl Alcohol
cB, CB, e [ ke ke Fe ke [N ke
0.002 0.01 0.66 0.60 13.45 11.65 4,05 3.18 19.35 16.38
0.002 0.05 0.46 0.51 8.68 7.83 2.55 2.32 13.11 11.89
0.002 0.1 0.36 0.40 . 6.64 6.07 2.00 1.81 10.17 9.71
0.002 0.2 0.22 0.25 3.15 4.14 1.16 1.20 5.52 7.21
0.002 0.3 0.13 0.15 2.26 2.98 0.83 0.82 4.04 5.58
0.002 0.7 0.04 0.02 0.84 0.93 0.32 0.19 1.74 2.26
0.004 0.01 0.48 0.47 8.71 7.65 2.64 2.40 12.65 10.43
0.004 0.05 0.36 0.40 5.74 5.14 1.79 1.75 9.12 7.57
0.004 0.1 0.29 0.31 4.51 3.98 1.41 1.36 7.29 6.18
0.004 0.2 0.19 0.19 2.85 2.72 0.91 0.90 4.59 4.59
0.004 0.3 0.13 0.12 1.78 1.96 0.68 0.62 3.52 3.55
0.004 0.7 0.01 0.02 0.59 0.61 0.04 0.14 1.44 1.44
0.01 0.01 0.34 0.34 4.37 4.37 1.60 1.65 6.16 5.78
0.01 0.05 0.26 0.29 3.23 2.94 1.14 1.21 4.92 4.16
0.01 0.1 0.20 0.23 2.20 2.28 0.84 0.94 3.53 3.40
0.01 0.2 0.15 0.14 1.55 1.56 0.59 0.62 2.43 2.52
0.01 0 0.10 0.09 1.14 1.12 0.44 0.42 1.98 1.95
0.01 0.7 0.01 0.01 0.40 0.35 0.15 0.10 0.80 0.79
0.1 0.01 0.16 0.15 0.89 1.02 0.59 0.61 0.95 1.22
0.1 0.05 0.14 0.13 0.70 0.69 0.48 0.45 0.82 0.89
0.1 0.1 0.09 0.10 0.49 0.53 0.30 0.35 0.66 0.72
0.1 0.2 0.06 0.06 0.34 0.36 0.21 0.23 0.48 0.5¢
0.1 0.3 0.04 0.04 | 0.22 0.26 0.13 0.16 0.39 0.42
0.1 0.7 0.00 0.00 0.08 0.08 0.04 0.04 0.19 0.17
0.3 0.01 0.11 0.10 0.43 0.46 0.33 0.34 0.46 0.54
0.3 0.05 0.10 0.08 0.34 0.31 0.27 0.25 0.39 0.39
0.3 0.1 0.08 0.07 0.25 0.24 0.21 0.20 0.36 0.32
0.3 0.2 0.04 0.04 0.17 0.16 0.14 0.13 0.24 0.24
0.3 0.3 0.03 0.03 0.11 0.12 0.08 0.09 0.19 0.18
0.3 0.7 0.00 0.00 0.0+ 0.04 0.02 0.02 0.10 0.07
0.6 0.01 0.06 0.07 0.19 0.25 0.17 0.21 0.23 0.29
0.6 0.1 0.03 0.05 0.15 0.13 0.12 0.12 0.17 0.17
0.6 0.2 0.08 0.03 0.10 0.09 0.09 0.08 0.14 0.12
0.6 0.3 0.02 0.02 0.07 0.06 0.06 0.05 0.12 0.10
0.9 0.05 0.05 0.05 0.10 0.11 0.09 0.11 0.13 0.14

Note: ¢p,——the concentration of ether,
CB, the concentration of dichloromethane,

ke—experimental %',
k;—calculated %'.

that are calculated from experimental data. The average deviations of experimen-

N
tal &' from the calculated &', A = - > [(k),—(k.):] are also listed in Table 2.

N i
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Table 2

The Constants in Eq. (28) and Average Deviations of Experimental &’ From the
Caleulated %’ for 11 Solutes

Constants a R c N A
Solutes \\ b b e ?

Fluoranthene ~2.38 —~0.50 —-3.55 -~0.28 —0.074 | 35 0.0081
O-Nitrotoluene —~2.68 —0.34 —-2.71 -~0.50 —0.16 35 —0.0065
p-Nitrotoluene -2.81 —0.42 —2.67 -0.55 —~0.18 35 0.0025
O-Nitrochlorobenzene —-1.65 —0.76 —2.89 -~0.32 —0.25 35 0.031
P-Nitrochlorobenzene -2.97 —1.38 —-2.23 —0.51 —0.18 35 0.025
Propyl Benzoate ~38.18 —0.64 —2.29 -0.80 —0.14 34 0.027
Methyl Phenyl Ketone -~1.61 —0.61 -2.11 -0.73 —0.11 30 0.10
Anthraecene -2.56 —0.21 —4.89 -0.35 0.015 35 —0.0043
Benzonitrile ’ -2.13 —0.65 —2.54 —~0.61 —0.18 35 0.094
Nitrobenzene -~1.83 —0.69 —3.38 —~0.40 —0.11 35 0.040
Benzyl Aleohol -1.92 —0.54 —-1.94 -~0.65 —-0.15 35 0.18

N
Note: a =% PMCATERCANE

=
N The number of experimental datapoints.

III. A FunpaMmenTaL RETENTION EQUATION FOR WEAK DISsOCIATIVE SOLUTE

Let solute H,A be a weak acid, the dissociation equilibriums would exist in the
mobile phase: )

K,
HA™ ——>HA™™ + H*, (29)
K.
HA™™ —> A== + II*. (30)

On the adsorbent surface, there are the equilibriums

K,

H,A™ —> H,A?, (31)
K

H,A* ——> HA™ + H*, (32)
K,

HA-* —> HA-™, (33)

The superseript “a” stands for the adsorption, “m” for the mobile phase, cap-
ital K represents equilibrium constant. When equilibriums between the mobile
phase and adsorbent surface are established, we can write following expressions
for Equilibriums (29) to (32)

-m +
K, — LE%H_EHF}_L (34)
K, = ATTIHT] (35)

(HA™]
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— [H;A%]

© [HA] (36)
K, — (HAJ[HT] (37)
[H,A?]

The mass distribution ratio e of solute H,A between the mobile phase and
stationary phase is ‘
. [H,A*] + [HA™] S (38)
[H;A™] 4+ [HA™] + [A™™]

From the Eq. (34) to Eq. (387), we obtain

_ 1 + K,/[H*] 3
TR + kG (39

where
K,/[H*] = [HA™*]/[H,A*]. (40)

For non-ion-exchangeable stationary phase, the adsorption of ion HA™ is much
smaller than that of molecule H,A, then K,/[H'] < 1, Eq. (39) can be written as

1
= 3 . 1
C = TR IE T F KK (T (41)

Therefore the logarithm of the capacity factor can be expressed as

Ink, s=1In (a %5) =In <K3 —E—s) —In(1 + K,/[H*] + K,K,/[HT]?)

0/ 0
— Ik — In(1 + K,/[H*] + K.K,/[H*]*), (42)

where V/V, refers to the phase ratio. Substituting Egq. (27) into Eq. (42), the
retention equation of weak acid can be obtained

In Kog=a+ > bios, + D e;Inep,—In(1 + K,/[H*] + KH/[H]).  (43)
i=1

i=1

For monoacid, K, is equal to zero, then,

Inkiig=a+ > bics, + >, c;lnecy, —In (1 + L) (44)
i=1 i=1 [H*]
With similar method, the same expressions can be derived for a weak organic
base and amphoteric compound, the results are as follows:

In kiuse = @ + D, bicg; + > ¢;In o5, — In(1 + 104K, [H*]

T=1 i=1
+ 10%K.K,[H* %), (45)

n

In k;m =q+ Z bicB[ -+ Z C; In cB,‘ —1n <]. + '[T_IIff]—‘ + 1014Kb[H+]>' (46)

i=1 i=1

The validity of Eq. (43) to Eq. (46) was proven by the experimental re-
sultst4,
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