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SUMMARY 

A model of “monomeric” alkyl-bonded silica for high-performance liquid 
chromatography is proposed, accounting for the presence of unreacted silanol groups 
on the surface of the derivatized silica matrix. Under chromatographic conditions 
the silanols are considered to be hydrated, while the anchored alkyl ligates can be 
partially or fully solvated by organic molecules of the eluent. With aqueous-organic 
eluents the solute retention is explained as being due to both silanophilic and 
hydrophobicdispersive interactions of the solute with the silanols and the alkyl li- 
gates, respectively. A retention equation is presented, the peculiarities of which are 
discussed in detail. The procedure for the identification of the retention mechanisms 
and for the evaluation of their contributions to the solute retention is verified with 
published experimental data. 

INTRODUCTION 

The problems of retention in high-performance liquid chromatography 
(HPLC) with chemically bonded phases, especially with the “monomeric” alkyl- 
bonded types, have been the subject of numerous investigations and publications. 
Many models of the so-called reversed phases and different mechanisms attempting 
to explain retention have been proposed: adsorption1-7, absorption (partition)8-1 l, 
mixed adsorption and absorptionr2, dispersive interaction13, solubility in the 
eluent14, solvophobic adsorptionlsJ6 and compulsory absorption17. In all cases it 
was suggested that retention is governed by only one mechanism. 

Horvath and co-workers’ **19 were the first to report the observation of a dual 
retention mechanism in the reversed-phase HPLC of crown ethers with alkyl-bonded 
silica. They assumed that the retention is caused not only by solvophobic, but also 
by the so-called “silanophilic” interactions between the solute and the accessible 
silanol groups at the surface of the derivatized silica matrix. 

This fact, the recent investigations by Scott20 and Scott and Simpson2 l on the 
role of adsorbed water on the superficial silanols in the activated silica, and many 
published plots of k versus percentage of carbon that do not pass through zero k on 
extrapolation to zero carbon content, allowed an improved model of monomeric 
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alkyl-bonded silica to be proposed 22. It accounts for the presence of hydrated silanols 
under chromatographic conditions, while the anchored alkyl ligates are considered 
to be partially or fully solvated by organic molecules of the eluent. The possibility 
of internal rotation for most sigma CC bonds in the solvated alkyl chains determines 
their relative freedom of motion. 

It was suggested that the solute retention in the reversed-phase systems (if 
solute dissociation is avoided) is a complex phenomenon governed by mixed mech- 
anisms, including solvophobic and silanophilic effects. With aqueous-organic eluents 
the water causes the appearance of hydrophobic interactions between the ligates and 
the solute molecules. Thus, the attraction between them, initially affected by the weak 
dispersive forces, strongly and can considered as to hydrophobic- 

(HD) interactions. organic-enriched eluents relatively high 
bility of solvated ligates the penetration solute molecules them, 
ensuring bulk hydrophobic-dispersive interactions. For same 
reason hydrated silanols also more for siianophilic interac- 
tions. latter are here as possible interactions and/or non- 

between the and the molecules. Hence, solute retention 
this instance controlled by SPH and mechanisms. 

An in the content of eluent to 50% leads weaker 
solvation the alkyl and to intensive BHD Simultane- 
ously, HD interactions the ligates stronger, thus rise to 

influence of effects. The silanols remain to certain 
the latter retained by of the mechanism only. more 

than water in eluent, strong interactions between ligates lead 
their shrinkage. form a compact layer-like that limits 
solute penetration. the probability both BHD SPH interactions 
ring is leaving only possibility of hydrophobic-dispersive 
(SHD) of the with the organic layer. retention of 

solutes in a system obviously effected by the mechanism, 
determined by both and SHD With pure as the 
an inpenetrable of entangled is formed the silica the solute 

being controlled SHD interactions 
In this an attempt made to and quantitate retention of 

solutes in chromatographic systems, part those 
monomeric alkyl-bonded The peculiarities the retention en- 

suing the stationary model introduced, from the retention 
mechanisms, discussed in The possibilities the identification the 
retention and for evaluation of contributions to solute 
retention considered and with published data. 

THEORETICAL 

shown elsewherez3, generalized retention for all chro- 
matographic can be in the 
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where E is the integral retention effect, representing the net retention volume per 
gram of packing, K1 are the appropriate partial partition coefficients for the acting 
mixed retention mechanisms and S, are the corresponding specific phase character- 
istics of the packing. A particular representation of eqn. 1 applicable to HPLC with 
chemically bonded phases appears to be 

E = NAHKSP + WOL&D + &G&S 

which accounts for the action of the silanophilic (K&, solvophobicdispersive (I&n) 
and functional-specific (Km) mechanisms. The last is determined by the specific solute 
interactions with polar functional groups (-OH, -NH2 or -CN) usually located in 
the o-position to the main alkyl chains of some phases. NAH and NAG are the number 
of moles of the accessible silanols and of the polar functional groups, respectively, 
and WOL is the weight of the organic ligates (hydrocarbonaceous part only). All phase 
characteristics in eqn. 2 are expressed per gram of column packing. 

Most systems employed for HPLC contain monomeric alkyl-bonded silica as 
stationary phases and aqueous-organic eluents. For such systems, eqn. 2 can be 
reduced to 

E = NAHKsp + WLKH,, (3) 

where KHD is related to the HD mechanism and W, represents the weight of alkyl 
ligates per gram of packing. As mentioned above, depending on the eluent compo- 
sition SPH and/or HD mechanisms can govern the solute retention in these systems. 
Analogously, the same mechanisms act in the systems when, holding the eluent com- 
position constant, one changes the surface concentration of the alkyl ligates or simply 
W,,,. Then, at small WA, the SPH will prevail over the HD interactions, whereas at 
moderate WA‘ the situation will be the opposite. With higher values of WAL, BHD 
and SHD interactions will mainly determine the solute retention. Hence, it is clear 
that with each WAL the HD contribution to the solute retention is guaranteed. The 
SPH contribution could be considerable with small WA, only, depending on the 
nature of the solute. 

Obviously, the problem of identification of the retention mechanisms acting 
in the systems discussed reduces to solving eqn. 3, i.e., to determining Ksp and Km 
values. Prior to considering the means of finding the solution of this equation, two 
main problems should be solved: the evaluation of W, and NAH and overcoming 
the difficulties due to the dependence of K HD on W, (with constant eluent compo- 
sition), which transforms eqn. 3 into a non-linear equation and does not allow it to 
be solved by matrix algebraz4. 

Evaluation of specific phase characteristics 
The values of WA, and NAH can be calculated approximately from the carbon 

percentage, PC, of the packing and from the number of moles of superficial silanols, 
You, per gram of silica used for preparation of the bonded phase. Usually, PC is 
determined by microanalysis2s, while for evaluation of IvIou either methods using 
methyllithium or methylmagnesium iodide26 or the method of deuterium ex- 
change27*28 could be applied. A good approximate value of N&n can be obtained 
from expression 
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N& = 4.6 . 10’4AS/Z,, = 7.64 + 10-‘“AS (4) 

where ZA is Avogadro’s number and AS (cm’g-‘) is the specific surface area of the 
silica. Here 4.6 represents the statistically mean number of silanols per nm2 of the 
silica surface2 g. 

To evaluate W,, and NAH correctly, the following facts and peculiarities should 
be accounted for: the type of silanizing reagent (form and length of its alkyl chain, 
its functionality); the formation of a new siloxane bond with the derivatization of 
each silanol group, thus anchoring a molecular fragment of the reagent to the silica 
surface (e.g., -SiC12R, A SiClR, -Si(CH&R); the formation of new silanols by hy- 
drolysis of unreacted chlorine atoms in the fragments; the eventual effect of the so- 
called “end-capping” procedure; the presence of unreacted silanols at the surface of 
the silica matrix; and the “screening” effect of the chemically bonded fragments and 
especially of the alkyl ligates towards the unreacted silanols. 

Taking all this into account, the following expressions can be derived. 
Expression for W.,,. This is 

WA, = MA% (9 

where MA is the molecular weight of all alkyl groups in the molecule of the silanizing 
reagent and Nr is the number of moles of the fragments bonded to the silica surface 
per gram of packing. Then, 

Nr = Pc/12OOZc (6) 

where Zc is the total number of carbon atoms in the silanizing molecule. 
Expression for NAH. The molar content of the accessible silanols can be ex- 

pressed by the equation 

NAH = @V&(1 - MFNF) - NFINSE + AhI = aNH (7) 

where the term Mon(l - MFNF) represents the total number of moles of silanols on 
the surface of that amount of the silica transformed into 1 g of bonded phase. NF/NsE 
and NPon represent the corresponding molar amounts of derivatized and of addition- 
ally generated silanols, respectively, per gram of bonded phase. MF is the mean mo- 
lecular weight of the bonded fragments (including silicon atoms) and Nss represents 
the molar ratio of fragments to derivatized silanols and will be called here the “silanol 
epuivalent”. Hence, the expression in square brackets in eqn. 7 represents the molar 
content of all available silanols in 1 g of bonded phase, NH. Then, the ratio N&NH, 
denoted here by cc, will be called the “accessibility coefficient”. 

It follows from eqn. 7 that the values of NsE, MF, woH and dl have to be known 
in order to be able to obtain a reliable evaluation of NM. There exist no methods 
for their experimental determination, but they can be calculated. Some details of the 
calculations are considered below. 

Problems with evaluation of NsE. Formally, the silanol equivalent of a silanizing 
molecule is determined by the reciprocal of the number of chlorine atoms partici- 
pating in the derivatization procedure. With a monofunctional alkylchlorosilane 
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there is only one chlorine atom that can react and hence Nsn = N# = 1 (the su- 
perscript corresponds to the number of reacted chlorine atoms). With bi- and tri- 
functional reagents the reaction can proceed, at least theoretically, in two or three 
directions, respectively. Then for some silanizing molecules there will N&g = 1, for 
others N&g = l/2, and for othersN@ = l/3. 

Let us assume that the probability of reacting three chlorine atoms in a tri- 
functional molecule is negligibly small for steric reasons (this will be conflrmed rig- 
orously below). Hence, there remain practically the possibilities of N& and N@ for 
both bi- and trifunctional silanizing reagents. Consequently, Nsn must be considered 
as a mean value for the reagent as a whole. Then, if v is the molar fraction of the 
derivatized silanols, reacted in a ratio of one silanol group per one silanizing mole- 
cule, the latter will have N&,2 = 1. Alternatively, 1 - v will be the molar fraction of 
the derivatized silanols reacted in a ratio of two silanol groups per one silanizing 
molecule with N@ = l/2. Hence, we obtain 

NsE = (1 + v)/2 (8) 

which means that a knowledge of v is required for evaluation of NSE. 
Problems with evaluation of MF and h”’ ozI. With monofunctional reagents the 

molecular weight of the bonded fragments, Mr, is clearly determined. However, with 
bi- and trifunctional reagents, MF will be a mean value that depends on the ratio of 
the molecules participating in the derivatization with N# and N&g. It can be shown 
that 

MF = D/U + VWFI + K1 - VI/U + VWFZ (9) 

where MF1 and MFZ are the molecular weights of the bonded fragments from mol- 
ecules with N# and N&g, respectively. As M F1 and MFZ are easy to determine, the 
main requirement for evaluating MF remains a knowledge of v. 

Taking into account the above considerations, it is no problem to find expres- 
sions for determining the additionally generated silanol groups, won, after hydrolysis 
of the unreacted chlorine atoms. It is clear that with monofunctional reagents won 
= 0, while with bi- and trifunctional reagents the expressions will be 

N&I = D/U + VWF (10) 

and 

N&I = [(l + 3v)/(l + VWF (11) 

respectively. Again, a knowledge of v appears to be the main requirement for the 
calculation of I\laOn. 

The importance of v for the calculation of NsE, MF and won is obvious. There 
is no method for its determination, but an approximate evaluation is possible. 

Probability approach for the evaluation of v. It follows from the definition of 
v that it corresponds to the probability, pl, of reacting one chlorine atom from the 
silanizing molecule with one silanol group. On the other hand, 1 - v corresponds to 
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the probability, pz, of reacting two chlorine atoms of a molecule with two neigh- 
bouring silanols. Both probabilities are determined by corresponding sets of concen- 
tration, diffusion and steric factors. The first two types of factors are in general 
identical for both sets. The difference between the sets and, hence, between p1 and 
p2, is due mainly to the non-identical steric factors. 

More precisely, this means the distance between the hydrogen atoms, du, of 
two neighbouring silanols is a probability function, because of rotation of the hy- 
drogen atom around the S-0 bond. It seems logical to suppose that two chlorine 
atoms of a silanizing molecule could react with two silanol groups only in the case 
of coincidental distances between the hydrogen and chlorine atoms. Because of os- 
cillation of the chlorine atoms, the distance between them will vary in the range dci 
f A, where & is a mean value. Consequently, the probability p(d~ c dcl f A) of 
coincidence of dH with dcl f A should be calculated. 

The mean value of dH and its variance, as well as & f A, can be calculated 
from the available data of interatomic distances and angles30. As a first approxi- 
mation the silanols can be considered as distributed uniformly on the silica surface 
with a concentration of 4.6 groups per nm2 (ref. 29). Then dH is 0.5 nm and, assuming 
a normal law of its distribution, we obtain p(dH c &I f A) = 0.020 with the bi- 
functional reagents, and p(dH c dcl f A) = 0.025 with trifunctional reagents. 

With six possible pairs of neighbouring silanols, the probability of reacting 
two chlorine atoms of a silanizing molecule will be 

p2 = 6p(dH c do f A) = 0.12 (12) 

for bifunctional reagents and 

pz = 18p(dn c 4, f A) = 0.45 (13) 

for trifunctional reagents because of three equal possibilities of combining the chlo- 
rine pairs. Following an analogous approach, it can be shown that the probability 
of reacting three chlorine atoms of a trifunctional molecule is 9.4 . lo-‘. Obviously, 
this value is negligibly small. 

Further, considering p1 + p2 = 1, it follows that 

(1 - VI/V = Pzl(l - P2) 

or 

v=l-p, (14) 

Combinations of eqns. 12, 13 and 14 lead to the evaluation of v for different 
silanizing reagents. These values are presented in Table I together with the corre- 
sponding values or equations for NsE, won and iUF. The information from Table I 
can facilitate the evaluation of iVAn if the accessibility coefficient, a, is also available. 

Problems with evaluation of a. As a ratio of accessible to available silanols in 
the derivatized silica, u accounts for the influence of the steric factors in a chromato- 
graphic system and should depend on the following: the structure and the chain 
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TABLE I 

VALUES AND EQUATIONS FOR VARIOUS PARAMETERS DEPENDING ON THE FUNC- 
TIONALITY OF THE SILANIZING REAGENT 

Parameter Silanizing reagent 

Monofunctional Bifunctional Trijiictional 

&E 1 1 0.88 0.94 0.55 0.18 

POH 
= 0 0.94NF l.llNF 

MF 
= 

MFI o.%MFi + 0.06M~t 0.71M~l + 0.29M~z 

length of the alkyl ligates; their surface concentration; the nature of the eluent or its 
composition in the case of aqueous-organic media; and the structure and the molec- 
ular size of the chromatographed solute. 

The most important factor is the surface concentration of the ligates. Its re- 
ciprocal value, i.e., the silica surface area, Sr, belonging to an alkyl ligate can be 
defined as 

SL = -‘fS(l - &NF)/zANF 

Its is assumed in eqn. 15 that the number of moles of the ligate is identical with that 
of the bonded fragments, A$. Of course, this cannot be generally valid, but it is true 
for many practically applicable phases. 

It seems logical to suppose that the surface area, Sr, occupied by the ligate will 
depend on its configuration, the latter being determined by both the conformation 
and the orientation of the alkyl chain towards the silica surface. Depending on the 
eluent composition, the alkyl chain acquires various conformations, which are gen- 
erally different from its linear form. Further, we shall introduce the term “standard” 
configuration in order to denote a state of the ligate in which the alkyl chain is linear 
and orthogonally oriented to the area sector of bonding. All other states, in which 
the ligate chain is not linear and hence not orthogonally oriented, will be denoted as 
ligate “non-standard” configurations. Then, St can be divided in two constituents: 
SR, representing the area sector of bonding with a standard ligate configuration, and 
SE, representing the area additionally screened by the ligate in the case of a non- 
standard configuration. 

A calculation based on the available dataJ0v31 gives 0.193 nmz for SR, which 
can be considered also as the alkyl chain cross-sectional area. However, the calcu- 
lation of SE appears to be a more serious problem and it will be considered later. 

With a standard configuration of the ligate, the mean free silica surface area 
(S,_ - S,) belonging to it will contain unreacted silanols. Their number, Zs, can be 
defined as the ratio 

zs = (SL - &)/& 

where Ss is the silica surface area belonging to a hydrated silanol group in the bonded 
phase. Ss can be easily calculated, but it is not necessary, as will be shown below. 
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Hence, Zs is the number of available silanols around a ligate. 
With a non-standard configuration, the silanols on the screened area, Se, re- 

main inaccessible to the solute molecules. Thus, the number of the theoretically ac- 
cessible silanol groups will be 

&T = (SL - SR - SE)/& (17) 

Then, the ratio 

a’ = ZST/ZS = (SL - SR - ?E)/(SL - SR) (18) 

can be called the “apparent” accessibility coefficient, which accounts for the influence 
of the ligate surface concentration (by means of SL) and for the role of the structure 
and the chain length (by means of SR), as well as the nature of the eluent (by means 
of S,). 

The real accessibility coefficient, a, must account also for the molecular size of 
the solute. The smaller is the surface area, Sc, occupied by the solute molecule with 
adsorption, the greater will be the probability that the molecule will reach the free 
surface area around the ligate. Denoting this probability by pc, we can write 

a = a’pc (1% 

where pc is determined by the ratio 

PC = [(SL - SR - SE) - SC]/& - &i - SE) (20) 

Combining eqns. 18, 19 and 20, we obtain 

a = 1 - (SE + Sc)/(SL - Sk) -321) 

In eqn. 21, SL and SR are easily determined. Values of Sc for some substances are 
also obtainable, and for others they can be calculated by taking the geometrical 
structure into consideration. Hence, there remains the question of the calculation of 
SE. 

Problems with evaluation of SE. The surface area, additionally screened by the 
anchored ligate, can be presented in the following most common form: 

SE = ?SM (22) 

where S, is the maximal area that can be screened by the ligate at a definite surface 
concentration and q is a parameter that will be explained later. 

With a small concentration of the ligates, SL - SR is large enough to permit 
a parallel orientation of the ligate towards the silica surface. In this state the screened 
area will be maximal and will depend on the chain structure and length. Then, de- 
noting this area by &., it follows that SM will be identical with it. With a higher ligate 
concentration SL - S, becomes smaller and does not allow a parallel orientation of 
the ligate. Hence, SM cannot exceed the available free area (SL - SR). Summarizing 
the above conclusions, we can write 
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if SL - SR z Sp, then SM = Sp 
(23) 

if SL - SR -z SP, then SM = S, - SR 

For evaluation of SP the length and the mean diameter of the hydrocarbona- 
ceous chain have to be taken into account. It follows from the available dataJoWJ2 
that for a Cis ligate Sr = 0;941 nm2. Analogously, SP values for different types of 
alkyl ligates can also be calculated. 

Parameter q. It follows from eqn. 22 that rl represents the fraction of SM that 
is really screened by the ligate. The screening effect is dependent on the mobility of 
the anchored alkyl chain. A movable ligate makes the surface silanols around it more 
accessible to the solute molecules. Then, the greater the ligate mobility, the smaller 
will be the value of u. Consequently, q can be considered as the reciprocal of the 
mobility, the latter being evaluated by means of the total number of configurations, 
Zr, really gained by the ligate, i.e., 

tl = l/zT (24) 

Remembering that there exists only one standard configuration for a ligate, we 
can write 

z, = 1 + & (25) 

where Z, is the number of the really gained non-standard configurations. Further, 
ZN can be presented as 

zti = PLZM (26) 

where Z, is the total number of possible non-standard configurations and pL is the 
probability of such a configuration being gained by the ligate. 

It could be supposed that Z, is directly proportional to the size of the free 
space around the ligate and inversely proportional to the space occupied by it. Con- 
sidering these terms as linearly dependent on the corresponding SL - Sk and Sk 
areas, it can be postulated that 

ZM = 4SL - &)/St (27) 

where A is the maximal number of non-standard configurations at SL - Sa = Sk. 
The probability of gaining a non-standard configuration is complex, deter- 

mined by both the probabilities of finding the ligate in a definite conformation, pn, 
and of changing the latter with another one, PT, i.e., 

PL = PDPT (28) 

It is evident from the definition of Iz that 

PD = l/n (29) 
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On the other hand, the change of ligate conformation depends on the composition 
of the aqueous-organic eluent and on the nature of the organic constituent. Denoting 
the organic weight fraction in the eluent by 8, maximal solvation can be expected 
and, hence, a maximal mobility of the ligate at 0 = 1. With different organic eluents 
the maximal ligate mobility will depend on the solvating ability of their molecules. 
As this ability is determined by the molecule afGnity towards dispersive interactions 
with the alkyl ligate, an approximate evaluation of the eluent solvating power can be 
obtained from the ratio 

I) = s,2/s,2 (30) 

where 6, is the total solubility parameter and & its dispersive componenP for the 
organic constituent. Then, p.r can be defined as 

PT = e* = es,2/s,z (31) 

where with pure water as the eluent (0 = 0), pr = 0, as the ligate is fixed owing to 
the strong HD interactions and hence cannot change its configuration. With 8 = 1 
the probability of changing the configuration is maximal, i.e., pi = I,+. If 8 varies 
between 0 and 1, the intermediate mobility of the ligate allows its configuration to 
be changed with a probability determined by eqn. 3 1. 

Combining eqns. 24-31, we obtain 

q = &%,/[s:sR + e&@, - &)I (32) 

which permits SE to be evaluated from eqn. 22 in accordance with conditions 23 for 
determining SM. 

Evaluation of partial partition coeficients Ks~ and KHD 
Usually, a retention equation is linear and the corresponding K values can be 

obtained as the solution of a system of linear equations, based on the retention 
equation. This requires a series of chromatographic experiments on similar packings 
differing in their phase characteristics. As mentioned above, the dependence of Knn 
on WA, frustrates the possibility of solving eqn. 3 in the usual manner because of its 
non-linearity. Hence, it is necessary to obtain Ksp directly by eluting the solute from 
a column packed with the pure silica used for the preparation of the alkyl-bonded 
packings. Further, rearranging eqn. 3 in the form 

where the superscript i relates the corresponding terms to the packings with different 
carbon contents (i.e., different WAL), we can obtain &no. A necessary condition for 
the correct evaluation of Ksp and tinn is to Carry out the chromatographic experi- 
ments with all the silica and the alkyl-bonded packings at constant temperature with 
a constant eluent composition. 



RETENTION MECHANISMS IN RP-HPLC 157 

TABLE II 

CHARA~ERISTICS OF ORIGINAL SILICA AND SILANIZING REAGENT USED FOR PREP- 
ARATION OF ALKYL-BONDED PACKINGS 

Material Parameter Value and ahensions Notes 

Silica: Partisil Average particle size 6 jun Ref. 34 
specific surface 402 mz . g-l BET method, ref. 34 

area, As 
Superficial silanol 3.07. lo-’ mol. g-’ Calculated from 

groups, &I eqn. 4, this paper 
Silanizing reagent: Carbon atoms, Zc 18 

octadecyltrichlorosiIane 
Molar fraction, v 0.55 See Table I, this paper 
Silanizing equiv- 0.78 See Table I, this paper 

alent, Nsa 
Molecular weights: 

MA 253 
MFI 315 
MFZ 298 
MF 310 Calculated from 

eqn. 9, this paper 

CALCULATIONS, RESULTS AND DISCUSSION 

To illustrate the validity of the proposed model of alkyl-bonded silica, we 
employed the experimental data published by Hennion ef ~1.~~. All necessary char- 
acteristics of both the silica and the silanizing reagent used by the authors for pre- 
paring the alkyl-bonded packings are presented in Table II. Some of the data have 
been obtained experimentally by the authors and others were calculated by us. 

The specific phase characteristics of the various packings are presented in Table 
III. Nr and W,,L values were calculated from the carbon percentage, PC, while the 

TABLE III 

CALCULATED SPECIFIC PHASE CHARACTERISTICS OF THE ALKYL-BONDED PACKINGS 

Packing NO. PC* 

fi) WI 
NP H - WA, N,o 
( x IO+ mol. g-l) (X IO-’ g . g-‘) (x 10e3 mol. g-‘) 

0 0 0 3.09 
2.9 1.34 3.39 3.00 
4.8 2.22 5.62 2.95 
6.5 3.01 7.62 2.91 
9.4 4.35 11.0 2.84 

11.5 5.32 13.5 2.79 
14.4 6.67 16.9 2.71 
23.0 10.6 26.8 2.51 

* All Pc values were readed from the log k vs. PC plots in ref. 34. 
* Calculated from eqn. 6. 

- Calculated from eqn. 5. 
9 Calculated from eqn. 7. 

8 Calculated as lVoH from eqn. 4. 
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TABLE IV 

PARAMETERS NECESSARY FOR EVALUATION OF THE ACCESSIBILITY COEFFICIENT, a, 
WITH TWO ELUENT COMPOSITIONS: 70:30 AND 4060 METHANOL-WATER 

Conditions i &* s, - s,**s,*n 70:30 40:60 
(ml) (rims) lnms) 

?j Sk@ ?$ SE” 
(nm2) (frms) 

SL. - s, > sp 1 4.77 4.58 0.941 0.188 0.177 0.288 0.271 
2 2.80 2.61 0.941 0.289 0.272 0.415 0.391 
3 2.01 1.82 0.941 0.368 0.346 0.504 0.474 

SL - s, < sp : 

1.33 1.14 0.941 0.481 0.453 0.619 0.583 
1.05 0.857 0.857 0.553 0.474 0.684 0.586 

6 0.794 0.601 0.601 0.638 0.383 0.755 0.454 
7 0.423 0.230 0.230 0.822 0.189 0.890 0.205 

* Calculated from eqn. 15. 
* For all alkyl ligates with normal carbon chain, Sk = 0.193 rims, calculated from the molecular 

structure. 
* Calculated according to relations 23. 

5 Calculated from 32. 
8 

eqn. 
Calculated from 27. eqn. 

@# For Cis alkyl ligates Sr = 0.941 nm’. 

values of NH were obtained from eqn. 7 on the basis of the Won value. The latter, 
calculated from eqn. 4, is given in the NH column of Table III for the “zero” number 
of the packing, i, corresponding to the pure silica. Although the authors have not 
experimented with such a packing, this value is important and it should be presented. 
As all experiments were carried out with water-methanol eluents, the values of both 
the total solubility parameter for methanol, &, and its dispersive component, &, were 
taken from ref. 33 [14.5 and 7.4 (cal - CIII-~)~‘~, respectively]. 

TABLE V 

VALUES OF ACCESSIBILITY COEFFICIENT, a, FOR SOLUTES IN THE ALKYL-BONDED 
PACKINGS 

Solvent Solute SC* a* in the corresponding packings, i 
(nm’) 

1 2 3 4 5 6 7 

Methanol- Benzene 
water (70:30) Naphthalene 

Phenanthrene 
Anthracene 
Pyrene 

Methanol- Hydroquinone 
water (40:60) Resorcinol 

Methylresorcinol 
Phenol 

0.51 0.85 0.70 0.53 0.16 - - - 
0.85 0.78 0.57 0.34 - - - - 
1.19 0.70 0.44 0.16 - - - - 
1.19 0.70 0.44 0.16 - - - - 
1.36 0.66 0.37 0.06 - - - - 
0.32 0.87 0.73 0.56 0.21 - - - 
0.82 0.76 0.54 0.29 - - - - 
1.33 0.65 0.34 0.01 - - - - 
0.32 0.87 0.73 0.56 0.21 - - - 

l Calculated from the molecular structure of the solute in a state of interaction with the silanol 
groups. 

** Calculated from eqn. 21. 
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All parameters necessary for the evaluation of the accessibility coefficient, a, 
are given in Table IV. It is evident that the increase in the amount of ligate, WAL, 
corresponding to the increase in the packing number, i, causes a gradual decrease in 
the silica surface area, S,, belonging to an alkyl ligate. Correspondingly, S, - SR 
also decreases, while the surface area, SE, additionally screened by the ligate, passes 
through a maximum located approximately at 11% carbon in the packing. Moreover, 
the S, values with the water-enriched eluent (4050 methanol-water) are always 
greater than those with the methanol-enriched eluent 70:30 methanol-water). These 
facts agree well with the model of alkyl-bonded silica discussed and also confirm its 
adequacy. 

Values of the accessibility coefficient, a, for the solutes chromatographed are 
presented in Table V, which also gives values of the surface area, Sc, required by the 
different solute molecules when they are in a state of interaction with the silanol 
groups. For each solute a gradual decrease in a is observed with increase in WA, in 
the packings, With more than a 9% carbon content, a becomes zero for nearly all 
solutes, indicating the absence of SPH interactions because of steric hindrances. The 
greater is Sc for a solute molecule, the smaller are the corresponding a values, which 
is in agreement with the model considered. 

The partial partition coefficients Ksp and K nn evaluated for the solutes in the 
various alkyl-bonded packings are presented in Table VI. Relatively small to mod- 
erate values of Ksp are observed for all solutes, bearing in mind that this coefficient 
is per mole of silanols. For the aromatic and polyaromatic hydrocarbons this evi- 
dence agrees well with the weak SPH interactions, which are to be expected because 
of their non-specific character. In contrast, the hydroxy compounds can interact 
specifically with the silanols, but in the chromatographic system considered these 
interactions are greatly influenced by the competition of the water molecules. 

The HD partition coefficient, KHD, with increase in WAL, increases for each 
solute up to a certain value. When WA, becomes large (e.g., for hydrocarbons with 
more than 14% of carbon in the packing and for hydroxy compounds with more 
than 11%) KHD starts to decrease. With small to moderate WA, values the solute 
molecules enter into BHD interactions with the alkyl ligates. Obviously, these inter- 

TABLE VI 

PARTIAL PARTITION COEFFICIENTS, & AND KHD, FOR SOLUTES IN THE ALKYL-BOND- 
ED PACKINGS 

Solvent Solute KSP KHD (cm” ’ g- ‘) in the corresponding packings, i 
(cm3 . mol- ‘) 

1 2 3 4 5 6 7 

Methanol- Benzene 136 1.83 2.66 3.94 7.94 10.6 11.8 6.65 
water (70:30) Naphthalene 245 6.27 9.61 13.3 21.0 27.2 33.5 19.7 

Phenanthrene 406 23.9 28.7 35.4 50.3 76.3 101 66.5 
Anthracene 444 26.7 32.7 44.2 63.8 99.4 113 84.7 
Pyrene 735 34.9 46.9 64.2 94.0 141 193 136 

Methanol- Hydroquinone 138 8.28 11.3 13.5 12.3 10.5 8.51 4.91 
water (40~60) Resorcinol 174 14.8 18.2 21.2 22.7 19.8 16.2 9.41 

Methylresorcinol 198 23.1 31.0 37.4 42.4 40.4 34.9 18.0 
Phenol 707 65.9 83.6 110 149 175 167 87.2 
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TABLE VII 

RELATIVE CONTRIBUTIONS OF PARTIAL RETENTION EFFECTS (PRE) TO INTEGRAL RE- 
TENTION IN THE ALKYL-BONDED PACKINGS 

Solvent Solute PRE Alkyl-bonded packings, i 

1 2 3 4 5 6 7 

Methanol- Benzene N~SP 
water (70:30) WA&O 

Naphthalene NU&P 

Phenanthrene 
WALKHD 

&~KsP 

Anthracene 

Pyrene 

Methanol- Hydroquinone 
water (40:60) 

Resorcinol 

Methylresorcinol 

WA&D 

N4H&P 

WAL&D 

NA&SP 

WAL&ID 

NAH&P 

WA&D 

NAH&P 

WAL&ID 

NAH&P 

WA&D 

NAH&P 

WALKHD 

84.8 65.3 41.1 
15.2 34.7 58.9 
73.0 43.3 19.3 
27.0 56.7 80.7 
51.3 24.6 6.6 
48.7 75.4 93.4 
50.7 23.9 5.8 
49.3 76.1 94.2 
54.8 23.3 2.6 
45.2 76.7 97.4 
56.2 31.9 17.9 
43.8 68.1 82.1 
44.2 21.3 8.3 
55.8 78.7 91.7 
33.0 10.2 0.2 
67.0 89.8 99.8 
45.2 24.5 12.1 
54.8 75.5 87.9 

6.6 - - - 
93.4 loo loo loo 

- - - - 

100 loo loo 100 
- - - - 

100 loo loo 100 
- - - _ 

loo loo loo 100 
- - - - 

loo loo loo loo 
5.7 - - - 

94.3 loo loo loo 
_ 

loo loo loo loo 
- - - _ 

loo loo loo loo 
2.5 - - - 

97.5 loo loo 100 

actions become more effective with increase in W AL, thus corresponding to the in- 
crease in Knn. However, when a sufficiently high surface concentration of the ligates 
is achieved, the penetration of the solute molecules among them becomes more com- 
plicated. Then, the possibility of BHD interactions is reduced, whereas that of SHD 
interactions increases. Nevertheless, as the latter are less effective than BHD inter- 
actions, KHD tends to decrease. 

It can be seen from Table VI that the Knn values of polyaromatic hydrocarbons 
are strongly dependent on the number of aromatic rings in the molecule and on the 
molecular configuration. The more rings, the larger are the KHD values. This can be 
well explained with the increase in the molecular contact surface, contributing mainly 
to both BHD and SHD interactions. With anthracene and phenanthrene, however, 
the molecular configuration plays an important role. The order of aromatic rings in 
the anthracene molecule favours its penetration among the ligates, resulting in more 
effective interactions. In this respect the phenanthrene configuration is unfavourable, 
which is reflected in weaker interactions and hence in smaller Knn values. 

For hydroxy compounds, the K HD values are essentially dependent on the mo- 
lecular structure. In comparison with resorcinol, the para-position of the two hy- 
droxyl groups in hydroquinone gives rise to more obstructions with regard to BHD 
and SHD interactions. As a larger part of the aromatic ring in the resorcinol molecule 
is accessible to interactions, its KHD values are greater than those of hydroquinone. 
As the presence of a methyl group in the molecule will extend the hydrophobic 
moiety, it is reasonable that the K HD values for methylresorcinol will always be larger 
than the corresponding values for resorcinol. Finally, it is also clear that, because of 
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the absence of special steric hindrances for the phenol molecule, its Knn values are 
relatively large. 

It is clear that the evaluation of Ks~ and i&n obtained above leads to the 
identification of the retention mechanisms acting in a reversed-phase system with 
alkyl-bonded silica. Having these values for different solutes, we can evaluate the 
contributions of both SPH and HD retention mechanisms to the integral solute re- 
tention. Results for the alkyl-bonded packings considered are presented in Table VII. 
For each solute the partial retention effects (PRE) are indicated in accordance with 
the corresponding retention mechanisms identified on the packings. All calculated 
values are percentages, thus allowing comparisons of the relative contributions. 

It follows from Table VII that SPH interactions contribute mainly with low 
WA, values. With increase in the molecular size of the solute the SPH contribution 
gradually decreases. It also decreases with increasing WAL, becoming zero at a certain 
WA, value. Simultaneously, an increase in the HD contribution to the retention is 
observed, the latter remaining unique with large values of WAL. 

In conclusion, the proposed model of alkyl-bonded silica accounts for the pe- 
culiarities of the most commonly employed reversed-phase chromatographic systems 
and allows a quantitative evaluation of both SPH and HD contributions to the in- 
tegral solute retention. In order to illustrate the validity of this model, we employed 
published experimental data 34 for the calculations. The utilization of such data, 
which in this instance was connected with the application of some interpolation and 
extrapolation procedures, often leads to unavoidable inaccuracy of the results ob- 
tained. In our opinion the latter are approximate and serve oniy to demonstrate the 
possibilities of the model discussed for a quantitative interpretation of the mixed 
retention mechanisms in the HPLC systems considered. 
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