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SUMMARY 

A large number of retention data on various hydrocarbonaceous bonded 
phases was examined in order to shed light on the energetics of retention in reversed- 
phase chromatography. Plots of logarithmic retention factors measured on column 
pairs with different eluites hut with the same eluent were used in the analysis that was 
extended also to retention data obtained at diierent temperatures. Linear correlation 
with unit slope indicates identical intrinsic thermodynamic behavior for the two 
coIumns, i.e., homoenergetic retention, as predicted by the solvophobic theory. 
Linear correlation with slope different from unity suggests similar physico-chemical 
basis for retention on the two columns that is termed homeoenerge?ic. No correlation 
is taken as proof that, besides solvophobic interactions with the stationary phase 
ligates, the eluites interact with residual silanol groups. Such heteroenergetic behavior 
implies the use of experimental conditions outside of solvophobic chromatography. 
Most bonded phases with medium- or long-chain alkyl ligates showed homoenergetic 
retention when water-rich eluents and relatively non-polar eluites without amino 
functions were employed, whereas those packed with stationary phases containing 
short alkyl chain or adamantyl ligates revealed homeoenergetic behavior. In contra- 
distinction, only with eluents rich in organic solvent and/or with basic eluites was 
heteroenergetic behavior observed. It is concluded therefore that under conditions of 
solvophobic chromatography the main source of the differences between columns 
packed with hydrocarbonaceous bonded phases is a difference in phase ratio and 
possibly pore size distribution. In fact, if several columns exhibit homoenergetic 
retention behaviour it may indicate that the experimental conditions are those for 
solvophobic chromatography. Nevertheless the analysis clearly demonstrates that 
when eluites having polar groups are chromatographed in water-lean eluents the 
interaction with surface silanoIs can be sign&ant. The approach presented can serve 
not only as a diagnostic tool for column and chromatographic conditions but also as 
a means to obtain information on the relative magnitude of column phase ratios and 
to predict retention data in solvophobic chromatography. 

. 
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Alkyl-silicas are the most commonly used stationary phases in high-perform- 
ance liquid chromatography (HPLC) and the corresponding technique employing 
polar eluents is called reversed-phase chromatography @PC). When silanol groups 
at the surface of such stationary phases play a negligible role in the chromatographic 
process, the solvophobic theory has been found to provide a framework for the inter- 
pretation of retention and selectivity in RPC?.s? and the-technique can be appropriate- 
ly termed solvophobic chromatography. - 

This work presents a phenomenologiral .inv&tigation of various hydrocarbo- 
naceous bonded phases by using a statistical comparison of the energetics of eluite 
retention on selected column pairs. Most experimental results analysed were obtained 
with relatively non-polar eluites and with hydro-organic eluents rich in water, condi- 
tions under which the solvophobic theory is expected to hold. Nevertheless, columns 
were compared also under conditions where silanol groups at the stationary phase 
give rise to retention behavior different from that characteristic for solvophobic 
chromatography. In order to evaluate a large set of data, published experimental 
results from other laboratories have been examined in addition to our own chromato- 
graphic data. 

THEOR?STICAL 

Use Of K-K plots 
The retention factor k in RPC is given by 

k=pK (1) 

where 9 is the phase ratio and K is the thermodynamic equilibrium constant for the 
reversible binding of the eluite to the stationary phase. We recall that the logarithm of 
the retention factor, .which has been given the symbol K3s4 is directly related to the 
Gibbs free energy attributed to the retention process, AGO, according to the following 
relationship 

K = I.& Q, + log K 

K =@ - AG0/2.3RT 

@a 

(2b) 

where R, T and @ are the gas constant, temperature and the logarithm of the phase 
ratio, respectively. 

The solvophobic theoryL*2 predicts that with. the same eluent and in the 
absence. of silanophilic interactions many alkyl-silica stationary phases exhibit iden- 
tical Gibbs free energies for the binding of a particular eluite. Consequently the varia- 
tions observed in retention behavior are believed to arise from differences in the 
phase ratios -for the hydrocarbonaceous ligates. 

Plots of K values obt&ned on one stationary. phase, A, ver.ms those obtained 
on another, B, with the same mobile phase can serve as a useful tool for comparing 
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the energetics of eluite retention on different columns. The logarithmic retention 
factors K~ and K~ for the two columns can be written as 

KA = @4& - AGOJ2.3RT (3) 

Kg = f&3 - AG0,/2.3RT (4 

Subtraction and rearrangement of these equations yield 

RTK.,, = RTK~ f RT(fDA - Qs) f (AC$ - A&J/2.3 (5) 

For any eluite, the second term on the right hand side of eqn. 5 is constant 
because it is the quotient of the phase ratios for columns B and A. The third term is 
also constant, but unlike the second term, its value may depend on the eluite used 
and will in fact depend systematically on KA (or Q) if the Gibbs retention energies for 
the two columns are not identical for all eluites when for each eluite the retention 
energy is the same for both phases, although the energies need not be the same for all 
eluites. In the case of special interest here, the second and third terms of eqn. 5 are 
constant for all eluites and linear K-K plots are obtained. The phenomenon of identi- 
cal retention energies for a given eluite on two stationary phases is called homoener- 
getic retention (;uOc = same). Homoenergetic behavior is expected to occur only 
when isothermal retention factors are compared. However, the underlying physical 
concomitants may persist at different temperatures and as shown below K-K plots of 
data taken at two different temperatures can be readily interpreted if the retention is 
homoenergetic under isothermal conditions. 

The use of K-K plots as diagnostic tools is not novel to chromatography. In 
gas chromatography, double logarithmic plots of corrected retention volumes ob- 
tamed on different phases are linear for a homologous series and the slopes are very 
similia?. If retention is mainly due to vaporization from the stationary phase, Trou- 
ton’s rule suggests such behavior. Differences in the intercepts of plots for various 
families of homologues is due in part to eluite interaction with stationary phases. 

Retention at the same column temperature 
Homoenergetic behavior. Eqn. 5 expresses the relationship between retention 

factors obtained on two different stationary phases, A and B. If the difference in the 
Gibbs retention energies of the two phases is zero for all eluites, eqn. 5 can be sim- 
plified. 

KR = KA -@A+% (6) 

Bl the case of homaenergetic retention, the logarithmic retention factor, K, for one 
stationary phase is directly proportional to that for another with the same eluite and 
eluent, the slope of the plots is unity and the intercept is given by the logarithm of the 
quotient of the two phase ratios. 

Homeoenergetic retention. If the corresponding Gibbs energies for the two 
chromatographic phases are not identical at a tied temperature, they may be pro- 
portional so that 

AGO, = CZ~@B (7) 
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where a L a constant. Eqn. 7 can be combined with eqns. 3 and 4 to yield 

KA=QKBf@A-CZ@B 09 

Eqn. 8 shows that when the ratio of the Gibbs retention energies in two chromato- 
graphic systems is constant, linear K-K plots with slope a are obtained. Iu this case, 
the retention on a column pair can be termed homeoenergetic (~Iwmc = like). It is 
seen that eqn. 6 can be considered a special case of eqn. 8 when a is umty. 

Retention at d&Terent column temperatures 

Enthalpyentropy compensation. Retention on two stationary phases at different 
temperatures will not be homoenergetic in general. However, enthalpy-entropy com- 
pensatlonblo has been found to exist between the retention enthalpies and entropies 
and this effect can give rise to homoenergetic retention at identical column tempera- 
tures. 

In systems exhibiting enthalpy-entropy compensation a series of related chem- 
ical reactions may have large and widely different enthalpies and entropies, yet the 
corresponding Gibbs free energies will be nearly invariant across the series. This is so 
because differences in the enthalpies of reaction are partialiy offset by the correspond- 
ing entropy changes. At one temperature, called the compensation temperature, the 
compensation is exact. Adsorption to a surface or partitioning between two solvents 
can be considered chemical reactions and, in chromatography, compensation behavi- 
or may be observed among different eluites, eluents or stationary phases having similiar 
propertiessg. 

In the simple case, the enthalpy change, dHo, for the chromatographlc reten- 
tion process is related to the corresponding entropy change, AsO, by 

AH0 = AH,0 + @ASa (9) 

where AH, and p are constants. The dimension of p is that of temperature and 
therefore it is called compensation temperature_ It has been found that /I is approx- 
imately 625°K in solvophobic chromatography6. 

Since for retention of an eluite on column A the binding enthalpy and entropy 
are related to the Gibbs energy by 

eqns. 3,9 and 10 can be combined to express the logarithmic retention factor for col- 
umn A at temperature TX 

Linear K-K plots for data obtained on two columns operated at different temperatures 
can be explained by enthalpy-entropy compensation. The two cases examined here 
are related to homoenergetic and homeoenergetic retention behavior when the column 
pairs are at the same temperature. For convenience they are called isothermally 
homoenergetic and isothermahy homeoenergetic retention behavioF. 
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Isorhermdy homoenergetic retention. The logarithmic retention factor, Q,~, of 
a~ eluite on stationary phase A at temperature TI is related to the corresponding 
Gibbs free energy, AGO,, as 

KA.I =@A - AG0,,,/2.3RT, (12) 

A similar relationship can be written for K B,2 of an eluite on stationary phase B at 
temperature T, with the corresponding Gibbs free energy, AGO,, as 

6s.z - - @is - AG&/2.3RT2 (13) 

Whereas combination ofeqns. 12 and 13 to obtain an expression of the form of 
eqn. 6 was not successful, enthalpy-entropy compensation observed in RPCFg cam 
be used to establish a relationship between K&r and uB,* (ref. 3)_ 

When the corresponding enthalpy and entropy are the same for systems A and 
B, Icg.2 c-an be expressed as 

KB=@B-&.&-+) -dH,o 
2.3Rp 

Combinations of eqns. 11 and 14 with concomitant elimination of AHi yields 

43 =IIZKA~@B-R@A -g$(1 -m) 
. 

and 

(14) 

Wa) 

In view of eqns. t5a and 15b, L?&I-KB,z plots of retention data will be linear with slope 
given by eqn. 15b if the Gibbs free energy is invariant for the two cbromatographic 
systems and enthalpy-entropy compensation occurs. 

Isotherm&y homeuenergetic retention. When the retention entbalpies in phase 
systems A and B are not equal but proportional 

we can rewrite eqns. 11 and 14 to obtain the relationships 

63 =muAf@R-m@A -&$(1-m) 
and 

(W 

Examination Of eqnS. 17a and 17b shows that two special Cases yield linear KA,~-&J 
plots. In the fkst case the entropy difference is zero, or the same for all eItites and 
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the enthalpy change for a given eluite is the same with both columns so that we obtain 
the relationship 

Kg=%c*f@~-%* 
T2 T2 

(18) 

This limiting case is obtained in view of kqn. 17 when the compensation temperature 
is infinitely large and the slope of the linear K-K plot is given by T,/T,. 

The other limiting case occurs when the entropy change for the retention of 
a given eluite is identical with both columns and the enthalBy change is zero. In this 
particular situation eqn. 17 reduces to eqn. 6. 

ExPJZRI&tENTAL 

Chromatographic data were obtained using a Perkin-Elmer (Norwalk, CI’, 
U.S.A.) liquid chromatograph equipped with a Model 7105 (Rheodyne, Berkeley, 
CA, U.S.A.) sampling valve with a ZO-~1 injection loop. The column effluent was 
monitored at 210 or 254 nm with a Model LC-6ST variablewavelength photometric 
detector (Perkin-Elmer) and the chromatograms were obtained with a Model SR 
204 strip chart recorder (Heath, Benton Harbor, MI, U.S.A.). 

The eluent was aqueous 0.1 M phosphate buffer, pH 2.15, plain or mixed 
with methanol (1: 1). The flow-rate was 1.5 ml/mm and the column temperature was 
maintained at either 25 or 45T by using a constant temperature bath (Messgeraete 
Werke, Lauda, G.F.R.). The mobile phase was preheated by passage through a 10 
m x 0.25 mm I.D. heat exchanger before entering the column. 

Experimental results and literature data were analyzed by using a linear re- 
gression program written in BASIC on a PDP ll/lO computer (Digital Equipment 
Co., Maynard, U.S.A.). Standard error of parameter estimate was evaluated by the 
algorithm of Blaedel and Iverson” and deviations between experimental values and 
regressed values were also calculated and used to identity digressing data points. 
Benzene, toluene, ethylbenzene, propylbenzene, butylbenzene, naphthalene and an- 
thracene were obtained from Aldrich (Milwaukee, WI, U.S.A.). Progesterone, 
testosterone, amino acids, niacinamide, 4_hydroxypyrimidine, adenosine and xan- 
thosine were from Sigma (St. Louis, MO, U.S.A.). Methanol was obtained from 
Fisher (Pittsburgh, PA, U.S.A.). 

Both home-made and commercial columns, all 250 x 4.6 mm I.D., were used. 
Cholestanyl and adamantyi silica were prepared in our laboratory from 5-pm Spheri- 
sorb supplied by Phase-Sep (Hauppage, NY, U.S.A.) whereas 5-pm LiChrosorb 
RP-2, RP-8 and RP-18 stationary phases were obtained from Knauer (Berlin, G.F.R.). 
Columns with the above stationary phases were packed in our laboratory. Commercial 
columns also employed in the study were: Partisil ODS-3 (Whatman, Clifton, NJ, 
U.S.A.), Hypersil ODS (Shandon Southern, Sewickley, PA, U.S.A.), Zorbax ODS 
(DuPont, Wilniington, DE, U.S.A.) and Supelcosil LC-1, LC-8 and LC-18 (Supelco, 
Bellefonte, PA, U.S;A.). 

RESULTS AND DISCUSSION 

According to the solvophobic theory that assumes eluite binding to an 
ideal hydrocarbonaceous surface, the differences in the retention behavior of a 
given eluite on various columns by using the same eluent are essentially due to the 
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different phase ratios, at least when the alkyl ligates are the same. Silanol groups at 
the stationary phase surface, however, may give rise to a mixed mechanism for the 
retention of eluites with polar, particularly amino, functions. Here we are primarily 
concerned with the correlation of retention energies on different columns under 
otherwise identical conditions in order to compare the intrinsic properties of various 
columns used in RPC. 

As discussed in the theoretical section, plots of K values for a set of eluites 
obtained on one stationary phase vers~.s those of the same set obtained on another 
stationary phase can serve as diagnostic tools for homoenergetic or homeoenergetic 
binding. In our study the linearity of the plots was measured by the correlation doeffi- 
cient of the regressed line. Slopes and intercepts as well as the 95% confidence inter- 
vals for their estimates were also determined. The two criteria were used to examine 
the difference between two packing materials from the energetic point of view: 
linearity and the slope of the K-K plots. Homoenergetic retention results in linear 
K-K plots with unit slope according to eqn. 6. For our purpose, a correlation coefficient 
greater than 0.95 was used as an index of linearity and the slope was considered unity 
when the absolute difference between the observed slope and unity was less than the 
95% confidence limit. Intracolumn comparisons of the data taken with identical 
columns, e.g. LiChrosorb RP-18, under identical conditions served to estimate the 
error in the analysis due to experimental uncertainty. 

Retention behtzvior of vmious eluite types 
Non-polar and moderately polar eluites. Rehik and Smolkovbt2 prepared 

various hydrocarbonaceous bonded phases by reacting LiChrosorb SI-100 silica with 
n-butyltrichlorosilane, octadecyltrichlorosilane, 2,4,4-trimethylpentylmethyldichlo- 
rosilane, n-octylmethyldichlorosilane, 4_butyloctyltrichlorosilane, l-ethyladamantyl- 
trichlorosilane and n-dodecyltrichlorosilane, and measured the retention of phenyl- 
alkanes, n-alcohols, dialkyl phthalates, benzene, toluene and p-xylene on such 
columns. Plots of the logarithmic retention factors versus the carbon number were 
linear for homologous eluites and branched hydrocarbons were more strongly re- 
tarded on stationary phases with branched ligates than on stationary phases with 
linear allcyl ligates of similar carbon number. Benzene, toluene and p-xylene were 
also more strongly retarded on stationary phases containing branched rather than 
non-branched ligates. Experiments were carried out on with three eluents, plain 
methanol for alkyl benzenes, methanol-water (70:30) for dialkyl phthalates, benzene, 
toluene and p-xylene, and methanol-water (30:70) for n-alcohols. 

Retention factors obtained on various column pairs were subjected to linear 
regression (Table I). Slopes and correlation coefficients significantly different from 
unity are marked with asterisks. The data were pooled to include all three solvent 
conditions. However, in no case were retention data measured under two different 
solvent conditions compared, and all data points used in the regression represented 
the retention of a certain eluite with one particular eluent on two stationary phases. 
As the retention mechanism for RPC with non-aqueous eluents (NARP) may not be 
the same as that for RPC under normal conditions with plain aqueous (PARP) and 
mixed aqueous (MARP) eluents, sets of data with and without NARP points, Le. 
those obtained with plain methanol as the eluent, were subjected to regression analysis. 

The first six entries for Analysis I in Table I show that the retention values 



k
 

I
 

T
A

B
L

E
 I 

‘C
O

M
PA

R
IS

O
N

 
O

F 
T

H
E

 R
E

T
E

N
T

IO
N

 B
E

H
A

V
IO

R
 R
E

PO
R

T
E

D
 B
Y

 i@
H

A
K

 A
N

D
 S

M
O

L
K

O
V

A
’*

 
FO

R
 R

PC
 W

IT
H

 V
A

R
IO

U
S H

Y
D

R
O

. 
C

A
R

B
O

N
A

C
E

O
U

S B
O

N
D

E
D

 PH
A

SE
S 

M
et

ha
no

l an
d 

m
et

ha
no

l-
w

at
er

 m
ix

tu
re

s (
30

:7
0)

 an
d 

(7
0:

30
) w

er
e t

he
 c

lu
en

ts
, R

et
en

tio
n d

at
a r

eP
or

te
d w

ith
 el

ui
tc

s o
n 

co
lu

m
n A

 n
nd

 co
lu

m
n I

3 u
nd

er
 

ot
he

rw
is

e id
en

tic
al

 co
nd

iti
on

s w
er

e u
se

d f
or

 K
,,+

, p
lo

ts
. T

he
 sl

op
es

, th
ei

r 9
5 %

 co
nf

id
en

ce
 lim

its
 (C

I)
an

d t
hc

co
rr

cl
at

io
n c

oe
ff

ic
ie

nt
s ar

e l
is

tc
d.

T
he

fi
nt

 
tw

o s
et

s I
 a

nd
 II

, r
ep

re
se

nt
 sl
op

es
 ob

tn
in

ed
 w

ith
 da

ta
 se

ts
 w

ith
ou

t th
e a

lk
yl

ph
th

ol
at

es
 

an
d 

ne
at

 m
et

ha
no

l, r
es

pe
ct

iv
el

y,
 

an
d I

II
 re

pr
es

en
ts

 th
e 

en
tir

e d
at

a 
po

ol
. A

st
er

is
ks

 in
di

ca
te

 sl
op

es
 or

 r
 v

al
ue

s s
ta

tis
tic

al
ly

 di
ff

er
en

t fr
om

 u
ni

ty
, 

Hy
dr

oc
ar

bo
na

ce
ou

s 
lig

at
e 

Ar
ra

ly
si

s 
I 

‘4
na

ly
si

s 
II 

ha
ly

sl
s 

III
 

Co
lu

m
n 

A
 

Co
lir

m
n 

B
 

Sl
op

e 
i 

C
I 

f 
Sl

op
e 

f 
C

I 
r 

Sl
op

e 
-fi

 C
I 

r 

O
ct

ad
ec

yl
 

D
od

ec
yl

 
1.

07
 O

J6
 

0.
97

46
 

0,
96

 0
.
2
7
 

0
,
9
5
5
6
 

0.
99

 0
.0

8 
0.

98
82

 
O

ct
yl

 
1.

13
 0

,1
8 

0.
97

32
 

1.
05

 0
.3

2 
0.

94
97

* 
1.

26
 0

.0
8”

 
on

99
23

 
A

da
m

an
ty

l 
0.

98
 0

,1
8 

0.
96

93
 

1.
09

 0
.2

6 
0
.
9
7
8
2
 

1
.
3
0
 0
.
0
9
*
 

0
.
9
9
0
4
 

4B
ut

yl
oc

ty
l 

1.
13

 0
24

 
0.

95
46

 
0.

97
 0

.3
9 

0.
91

87
* 

1.
32

 0
.0

9*
 

0.
99

10
 

2,
4,

4-
T

ri
m

ct
hy

lp
cn

ty
l 

1,
21

 0
.3

0 
0.

93
58

’ 
1,

07
 0

.5
5 

0.
87

16
* 

1.
56

 0
.1

3*
 

1
0
,
9
8
8
1
 

8
 

B
ut

yl
 

2.
18

 O
&

83
* 

0.
88

50
” 

2,
16

 1
.1

5”
 

0
.
8
6
5
3
*
 

2
.
1
8
 0
.
8
3
*
 

0
,
8
8
5
O
'
 

D
od

ec
yl

 
O

ct
yl

 
1.

05
 0

.0
5*

 
0.

99
77

 
1.

11
 0

.0
5”

 
0.

99
86

 
1.

25
 O

.ll
* 

0.
98

51
 

6 
A

do
m

an
ty

l 
0
.
8
5
 0
,
1
9
 

0
.
9
5
6
5
 

1
.
0
5
 0
.
1
8
 

0
.
9
8
8
4
 

1
.
2
7
 0
.
1
3
*
 

0
,
9
7
9
8
 

4-
B

ut
yl

oc
ty

l 
1,

07
 0

,1
3 

0.
98

35
 

L
O

2 
0.

26
 

0
.
9
6
3
8
 

1
.
3
0
 0
,
1
2
*
 

0
.
9
8
2
9
 

2,
4&

T
ri

m
ct

hy
lp

cn
ty

l 
1.

15
 0

,1
9 

0
.
9
6
9
7
 

l
,
l
S
 0
.
4
1
 

0
.
9
3
3
9
*
 

1
.
5
7
 0

.1
0’

 
0.

99
28

 
ii 

B
ut

yl
 

2,
21

 0
,6

6’
 

0
.
9
2
5
2
'
 

2
,
2
8
 0
.
9
3
*
 

0
.
9
1
4
a
*
 

2
.
2
1
 0
.
6
6
*
 

0
.
9
2
5
2
"
 

-
 !
I
 

O
ct

yl
 

A
dn

m
nn

ty
l 

0.
82

 O
.lF

 
0.

97
10

 
0.

95
 0
.
1
3
 

0
.
9
9
2
4
 

1
.
0
2
 0
.
0
3
 

O
n
9
9
8
2
 

4-
B

ut
yl

oc
ty

l 
1.

01
 0

.1
2 

0
.
9
8
4
5
 

0
,
9
3
 0
.
2
0
 

0.
97

48
 

1.
04

 0
.0

2*
 

0.
99

93
 

5 
2,

4,
4-

T
ri

m
ct

hy
lp

cn
ty

l 
1.

10
 0

.1
6 

0
.
9
7
6
9
 

1
,
0
6
 0
.
3
2
 

0
.
9
5
0
8
 

1
.
1
5
 0
.
0
4
'
 

0
.
9
9
8
1
 

B
ut

yl
 

2
.
0
7
 0
.
5
5
#
 

0
.
9
3
6
6
'
 

2
,
0
9
 0
.
7
7
"
 

0
.
9
2
8
8
*
 

2
.
0
7
 0
.
5
5
*
 

0
,
9
3
8
6
*
 

A
dn

m
nn

ty
l 

4-
B

ut
yl

oc
ty

l 
1.

17
 0

.2
9 

O
-
9
4
6
6
*
 

1.
00

 0
.0

9 
0
.
9
9
6
9
 

1
.
0
2
 0
.
0
4
 

0
,
9
9
7
3
 

2,
4,

4-
T

ri
m

ct
hy

lp
en

ty
l 

1.
30

 0
,2

7*
 

0.
96

01
 

1.
16

 0
.1

4)
 

0
.
9
9
3
1
 

1
,
1
3
 0
.
0
5
*
 

0
.
9
9
6
6
 

I
4
 

B
ut

yl
 

2
.
2
2
 0
.
5
7
)
 

0
.
9
5
3
0
 

2
.
2
9
 0
.
6
9
)
 

0
,
9
6
4
9
 

2
.
2
2
 0
,
5
7
*
 

0
.
9
5
3
0
 

4-
B

ut
yl

 oc
ty

l 
2,

4&
T

ri
m

et
hy

lp
en

ty
l 

1.
09

 0
.0

7”
 

0
.
9
9
4
9
 

1
.
1
5
 0
.
1
3
*
 

0
.
9
9
2
8
 

1.
10

 0
.0

2*
 

0
.
9
9
9
5
 

i
 

D
ut

y1
 

2
,
2
2
 0
,
3
5
*
 

0
.
9
7
7
0
 

2
.
3
0
 0
.
4
5
)
 

0
.
9
7
7
9
 

2
,
2
2
 0
.
3
5
"
 

0
.
9
7
7
0
 

2,
4,

4-
T

ri
m

et
hy

lp
en

ty
l 

B
ut

yl
 

1.
95

 0
.2

9 
0
.
9
7
9
5
 

1.
98

 0
.4

1.
” 

0
.
9
7
5
5
 

1
.
9
5
 0
.
3
0
*
 

0
.
9
7
8
5
 

8
 

s
 

2
 



STATfONARY PHASE EFFECTS IN RPC. E. 43 

obtained on the various stationary phases, except butyl-silica and possibly 2,2,4-tri- 
methylpentyl-silica and on octadecyl-silica yield linear K-K plots with slopes that are 
statistically indistinguishable from one. This strongly suggests that the intrinsic be- 
havior of these phases is identical under the conditions investigated as far as the 
energetics of eluite retention is concerned. Butyl-silica, which contains the smallest 
hydrocarbonaceous ligate, appears to be different from all other stationary phases 
as indicated by the slope. Adamantyl-dodecyl, adamantyl-octyl and adamantyl-2,4,4- 
trimethylpentyl-silica stationary phase pairs failed to satisfy the test of unit slope 
and linearity and a possible explanation for the divergent behavior of adamantyl- 
silica is discussed later. 

When retention data obtained with plain methanol as the eluent are also in- 
cluded in the analysis however, only the octadecyl-octyl, 4butyloctyl-octyl, 4-butyl- 
octyl-adamantyl and octyl-adamantyl dyads passed the two tests for homoenergetic 
behavior. The poor correlation of binding energies measured with plain methanol is 
believed to be due to the effect of residual silanol groups at the stationary phase 
surface on retention in the absence of water in the eluent. On the other hand, in solvo- 
phobic chromatography, i.e. with hydro-organic eluent rich in water, silanophilic 
interactions are expected to contribute negligibly to retention of relatively non-polar 
eluite. Indeed, the results of this analysis suggest that the energetics of binding for 
non-polar eluites is essentially the same for almost all of these hydrocarbonaceous 
bonded phases as long as hydro-organic eluents are used in conventional RPC. Under 
such conditions the solvophobic theory’ may facilitate a semiquantitative treatment 
of retention behavior. 

The finding by Reh6k and SmolkovzY2 that adamantyl-silica binds “branched” 
eluites, e.g. the dialkyl phthalates, stronger than expected on the basis of retention 
data for other systems has also been examined. Retention data obtained with aqueous 
methanol were reanalyzed but those for the dialkyl-phthalates were removed. For 
most column pairs with the exception of butyl-silica-adamantyl-silica the results 
were similar to those calculated originally and support the observation that adaman- 
tyl-silica stationary phase preferentially retains branched hydrocarbons. We shall 
discuss the effect after examining data obtained on other stationary phases with li- 
gates of unusual geometry. 

El&es of wide ranging polarity. In order to compare retention energies for 
polar eluites in RPC the following substances were chromatographed in our laboratory 
on EiChrosorb RP-18, RP-8 and RP-2 as well as on a homemade adamantyl-silica 
stationary phase: adenosine, xanthosine, 4_hydroxypyrimidine, niacinamide, tryp- 
tophan, tyrosine, methionine, phenylalanine, leucine, isoleucine, phthalic acid, tri- 
hydroxybenzoic acid, dihydroxyphenylacctic acid, vanilmandelic acid, aniline and 
acetone. Plain aqueous 0.1 M sodium phosphate buffer, pH 2.2, was used as the 
eluent. The eluites, except leucine, isoleucine and 3,4,5-trihydroxybenzoic acid, were 
also chromatographed by using a mobile phase which contained 5 mM butylarnine 
in 0.1 M H,PO,-NaH,PO, buffer pH 2.2, to mask the surface silanols, thereby 
simultaneously identifying and eliminating their eEfect on retention. 

Results obtained by analyzing the appropriate K-K plots are given in Table II. 
Data from different runs on the same column were not pooled; the multiple entries 
for each column give an indication of the reliability of analysis. The correlation co- 
eEcients and slopes of such analyses are expected to be constant unless either the 
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experimental conditions are varied between the experimental runs under comparison 
or column properties change. Table II shows this to be the case. Intracolumn compa- 
risons, e.g. Lichrosorb RP-8 VS. LiChrosorb RP-8, not shown in the table, also lent 
credence to this analysis as unit slopes within the 95% confidence limits which were 
usually less than 0.05, and correlation coefficients exceeding 0.99 were always obtained. 

Niacinamide was stronger retained on adamantyl-silica than would be expected 
on the basis of the linear regresSion equation for adamantyl-silica columns and its 
retention on other stationary phases, e.g. LiChrosorb RP-8. On the pretise that 
specific interactions between niacinamide and the adamantyl moiety might occur, 
the linear regression was repeated without niacinamide data, and the results of both 
the analyses are given in Table lL 

Retention factors obtained on LiChrosorb RP-18 are highly correlated with 
those obtained on LiChrosorb RP-8 and the slope of K-K plots is indistinguishable 
from unity. On the other hand comparison of LiChrosorb RP-18 with adamantyl- 
silica did not yield unambiguous results. When the complete data set is considered, 
the linearity of the plots was not satisfactory since r c 0.95_ Moreover, the con- 
fidence interval for the slope was so broad that the slope may indeed be different from 
one. 

Upon excluding niacinamide data from the analysis, correlation coefficients 
increase and the confidence limits for the slope estimate become narrow. The unit 
slope of K-K plots suggests that the retention of most eluites on adamantyl-silica is 
homoenergetic with the retention on LiChrosorb RP-18 even if niacinamide deviates 
markedly frcm the rule. 

The results are summarized in the third column of Table II. Comparison of 
the slopes of K-K plots for data obtained in the presence and absence of butylamine 
show little difference. Therefore, we cannot ascribe the anomalous behavlor of 
niacinamide to participation of silanol groups in the retention mechanism, i.e. to 
silatiophilic interactions. 

Analysis of retention data obtained on LiChrosorb RP-2 demonstrates that 
this stationary phase differs fundamentally from LiChrosorb RP-18, RF8 and ad- 
amantyl-silica. In no case are K-K plots linear as measured by the correlation co- 
e5cient and, although the 9.5% confidence intervals of the slope estimate usually 
encompass unity, the intervals are so broad as to moot the point. 

In another set of experiments homemade adamantyl- and cholestanyl-silica and 
six commercial hydrocarbonaceous bonded phases were compared on the basis of the 
retention of benzene, toluene, ethylbenzene, propylbenzene, butylbenzene, anthra- 
cene, naphthalene, testosterone and progesterone with methanol-water (1:l) as the 
eluent. The four different K-K plots, the linear regression of which is given in Table 
III, were made by using the following retention data: I, benzene and allcylbenzene 
only; II, all nine eluites ; HI, steroid data excluded; IV, data for anthracene and 
naphthalene excluded. This approach was taken in order to shed light on the role of 
steric factors causing unusual retention differences. 

When data obtained with all eluites are included in the analysis, the values for 
cholestanyl-silica are collinear only with those for Zorbax ODS and Supelcosil LC- 
18. However, the slopes in all cases are nearly unity so that homoenergetic retention 
can be assumed with these eight stationary phases under the conditions investigated. 

Whereas the analysis of alkylbenzene data shows excellent linearity for cho- 
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Iestanyl-silica and other stationary phases, plots of data obtained with steroids and 
polynuclear aromatics exhibited poor linearity. The observed heteroenergetic behavior 
may be be due to the low energy for binding eluites with rigid molecular structure, 
such as polycyclic aromatics, to rigid stationary phase ligates, such as cholestanyl 
functions, with respect to the energy of binding to the alkyl ligates of other siliceous 
stationary phases. Indeed, upon exclusion of retention data for rigid eluites the linear- 
ity of K-K plots markedly increases. 

Somewhat different results are seen when adamantyl-silica data are compared 
to those obtained on octyl-silica or octadecyl-silica. Although the poor linearity ob- 
tained with the whole data set improves significantly when only data of the alkyl- 
benzenes are analyzed, the slopes are different from unity. Therefore, the results 
suggest that the retention on adamantyl-silica is not homaenergetic but homeoener- 
getic with that on octyl and octadecyl silicas. 

The energetics of retention on Supelcosil LC-1 is different from that on most 
other hydracarbonaceous bonded phases as seen from the generally poor linearity of 
K-K plots. When they are linear, the slopes differ from unity. Supelcosil LC-1 is similar 
to LiChrosorb RP-2 as both stationary phases contain short chain alkyl ligates. 
Therefore the interpretation of the behavior of LiChrosorb PP-2 probably serves in 
this case also. 

Eluites containing basic functions. Use of K-K plots can reveal specific eluite- 
stationary phase interactions as shown by the following analysis of the data obtained 
by Sokolowski and Wahlund”. Those authors chromatographed propranolol, 
pentobarbital, diphenylacetic acid, disipramine, imipramine, trimipramine and 
N-methylimipramine on Nucleosil C18 and G, LiChrosorb RP-18 and RP-8, 
FBondapak CIa, as well as HypersiEODS using a mixture of 0.1 M phosphate buffer, 
pH 3.0, and methanol (1 :l). Only data obtained with the column pairs LiChrosorb 
RF8 and Nucleosil C18, PBondapak CIB and LiChrosorb RP-8, PBondapak Cls and 
Nucleosil C,, as well as Dypersil-ODS and LiChrosorb RP-18 gave linear plots and 
only for the pair Lichrosorb RP-8 and PBondaptik CIs, was the slope unity. 

In another series of experiments 50 mM dimethyloctylamine was added to the 
eluent in order to mask the silanol groups at the stationary phase surface. As seen in 
Table Iv, K-K plots were now in all cases linear with essentially unit slope. Thus the 
widely different retention behavior of the alkyl-silica stationary phases became 
homoenergetic upon addition of dimethyloctylamine to the eluent. The dramatic 
homoenergizing et&t of the octylamine is believed to arise from its strong binding 
to the silanol groups at the surface of the.stationary phase. As a result, silanophilic 
interactions with eluites are so attenuated that retention occurs via solvophobic 
interactions only. 

Dtxeretzt coolumn temperatures 

We have shown in the theoretical section that due to enthalpy-entropy com- 
pensation in RPC the use of K-K plots for comparison of stationary phases may be 
meaningful also when the columns are operated at different temperatures. Chen and 
HoN&W reported that K-K plots were linear for data obtained on Partisil ODS, 
Spherisorb -tseafed with octadecyhrichlorosiane and LiChrosorb RP-18 columns 
operated at 333, 296 and 343X, respectively. The eluent was plain aqueous 0.1 M 
phosphate buEer, pH 2.1. We analyzed their data by the method described above. 
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TABLE Iv 

COMPARISON OF RETENTXON BEHAVEOR OBSERVED BY SOKOLOWSKI AND WAH- 
LUND= IN RPC OF POLAR SAMPLE COMPONENTS R’JTH DIFFERENT NON-POLAR 
BONDED STATIONARY PHASES WHEN DIM ETHYLOCIYLAMINE WAS ADDED TO 
THEELUENT . 
In the absence of this additive no correlation of the K* and K~ values could be obtained. Slopes of 
the K,, VS. Q, plots obtained with their data as well as the appropriate 95% confidence limits and 
correlation coefkients are listed for various colnrnn pairs. 

Statimaryph~e Stopef CI r 

Cohmn A 

#3ondapak C,S 

Hypersil O.DS 

LiCbrosorb R!+18 
LiCbrosorb RP-8 

Coiumn B 

Hype14 ODS 
LiCbrosorb RP-18 
Spherisorb ODS 
LiCbrosorb RP-18 
Spherisorb ODS 
Spherisorb ODS 
@?ondapak Cre 
Hypersil ODS 
Spherisorb ODS-18 
LiCbrosorb RP-18 

1.16 0.12 0.9934 
1.20 0.12 0.9938 
0.86 0.51 0.8420 
1.03 0.02 0.9997 
0.73 0.43 0.8436 
0.70 0.43 0.8315 
0.83 0.09 0.9925 
0.98 0.07 0.9966 
0.69 0.47 0.8040 
1.01 0.06 0.9981 

Assuming that the energetics of retention is identical on these stationary phases we 
calculated theoretical slopes by using eqn. 15 and listed them in Table V. Slopes were 
also calculated by using eqo. 18 for the special cases when enthalpies are constant or 
negligible compared to binding entropies. The 95 ok confidence limits of the slopes for 
the plot of experimental data were estimated by the t-test15. 

‘ihe plots of experimental data yield slopes statistically different from those 
predicted on the basis of constant retention enthalpy witb the exception of the Partisil 
ODS-LiChrosorb RP-18 column pair. The observed slopes and those predicted by 
assuming homoenergetic retention, however, are statistically iudistinguishable in all 
three cases. Thus, data obtained at different temperatures also suggest that the en- 
ergetics of eluite binding is essentially the same for the above phases at least when 
they are used with plain aqueous eluents. 

Eflecrs of stationary phase properties 
ChemicaZ nature of the hya9ocarbonaceou.v ligates. As discussed above, the 

solvophobic theory predicts homoenergetic behavior as long as the eluent composi- 
tion, the molecular contact area upon eluite binding and the dispersion forces exerted 
by the stationary phase on the eluite and mobile phase are the same. Indeed, under 
conditions investigated retention on all octadecyl-silica phases was found homo- 
energetic by using K-K plots as test. Comparison of octadccyl- and octyl-silicas aho 

revealed homoenergetic retention behavior. In many cases octadecyl- and octyl- 
silicas exhibited retention behavior identical to that of adamantyl-silica. 

In contradistinction, no short chain a&l-silica such as LiChrosorb RP-2 or 
Supelcosil LC-1 has been found to be identical to octadecyl-, actyl-, or adamantyl- 
silica, which have much bulkier hydrocarbonaceous ligates. This is in agreement 
with the suggestion that an increase in the chain length of all@ ligate above C,, 
(ref. 16) does not alter the properties of the stationary phase drastically and is sup- 
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ported by the observation that no increase in retention is observed for most eluites 
upon increasing chain the length of the ligate over 5-9 methylene groups”. 

The differences observed between alkyl-silicas and adamantyl-silica may be 
accounted for by the solvophobic theory which postulates that an important 
contribution to the energy of eluite binding to the ligate arises from van der Waals 
interactions. The energy of this contribution is proportional to the eluite size and 
opposite in sign to the other major term, that of cavity formation, that is also pro- 
portional to eluite size’. As a result, the overall retention energy is usually propor- 
tional to eluite size for most hydrocarbons. Whereas the Van der Waals potentials 
are quite similar for most hydrocarbons18, peculiar steric effects associated with the 
binding of the eluite to the stationary phase ligate may account for either unusually 
large or anomalously low contact area. Consequently, retention in such systems will 
not be homoenergetic with respect to another regularly behaving phase yet it may 
still be homeoenergetic. As shown in the tables, the results of the data analysis lend 
support to this explanation. 

Another interpretation is required, however, to account for the observed 
differences in the behavior of long chain and short chain alkyl-silicas. With ethyl- or 
methyl-silica poorly shielded siloxane and silanol groups will change the depth and 
position of the minimum of the Van der Waals force curve with respect to that for 
stationary phases having bulky hydracarbonaceous ligates and the magnitude of Van 
der Waals interactions will be markedly different. As a result the contribution of 
the Van der Waals interactions to retention energy is not the same for hydrocarbo- 
naceous bonded phases having very small and sufficiently bulky ligates so that K-K 

plots yield poor correlations when heteroenergetic behavior occurs, as shown by the 
pertinent correlation coefficients in Tables I-III. 

Surface coverage. The influence of surface coverage on retention has been 
investigated by Tanaka et ~1.‘~ by using Hypersil reacted to different extent with 
octyldimethylchlorosilane. The surface concentration of octyl ligates were 2.4 and 
3.4ymol/m* for the lightly loaded and the heavily loaded octyl-silicas, respectively. 
The latter was also subjected to aftertreatment with trimethylchlorosilane and hexa- 
methyldisilazane in order to cap-off residual silanols of the stationary phase 
surface. Three solvent systems were used: methanol-water (50:50), acetonitrile- 
water (30:70) and tetrahydrofuran-water (25:75). The K-K plots of the two highly 
loaded stationary phases, show excellent linearity (Table VI) and the correlation co- 
efficients are higher than 0.99. In contradistinction the slopes are different from unity 
when the lightly loaded octyl-silica is compared to the two other stationary phases. 
Closer examination of the retention data reveals that the absolute value of the reten- 
tion free energy is lower for lightly loaded than for heavily loaded stationary phase. 

SiZtznophiZic interactions. In most cases hydrocarbonaceous bonded phases 
show homoenergetic behavior as long as water-rich eluents are used in the chromato- 
graphic experiments_ Homoenergetic behavior does not necessarily imply that reten- 
tion is governed by a single mechanism. If silanophilic interactions are also involved, 
such as in the case of dual mecha.nismzo, and both pathways are utilized to the same 
extent, the free energy of retention for different phases will be identical and homo- 
energetic behavior is observed. This would usually occur when the concentration ratio 
of accessible surface silanols and hydrocarbonaceous functions is the same in the two 
stationary phases under investigation. 
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TAmLE VI 

COMPARISON OF EUTFENTION DATA MEASURED BY TANAKA ef cLL9 WITH “MONO- 
MERIC” OCIYLSILECA STATXONARY PHASES PREPARED IN VARIOUS WAYS FROM 
WPERSIL SILICA 

The.surface coverage of octylsilicas I and II is the same, 3.4~tmollm~. but in I the residual silmols 
are capped off in aftertreatment by TMS. The surface coverage of III is 2.4~mol/mz. Slopes and 
inter&p& shown are those of K~ vs. rcB plots of data obtained with different eluents and column 
dyads. 

Sfutiomry ptiases 

Column A Cohnn B 

I II 
II III 
II III 

I II 
I III 

II III 

Mobile phases 

Water-methanol 
(I.-I) ..- 
Slope f Ct 

0.94 0.04 
0.82 0.05 
0.88 0.02 

Intercept & CI 
0x4 0.02 

-0.07 0.02 
-0.10 0.01 

Water-acetonitrile Water-tetrohydrofuran 
(7:31 (3.-I) -- 
Sfope i CI -- Slope f CI 

- 
0.95 0.01 1.02 0.01 
0.84 0.02 0.95 0.02 
0.89 0.01 0.93 0.02 

Intercept & Cl Intercept & CZ 
0.05 0.01 0.06 0.01 
0.06 0.02 0.17 0.01 
0.01 0.01 0.12 0.02 

It is unlikely, however, that in any two bonded phases prepared by different 
methods or from different silica supports, the proportion of the two phase ratios for 
the two chromatographically active functions would be the same. Consequently, in 
such cases we may not expect the K-K plots to be linear or to have unit slopes, but to 
observe heteroenergetic behavior. We analyzed the data reported by Hansson et aLf’ 
for DOPA derivatives on Partisil ODS, Spherisorb ODS, Nucleosil Cl8 and LiChro- 
sorb RP-18 by using water-rich eluents at low pH with or without 50 mM Na,SOd. 
The results showed clearly heteroenergetic retention for the dyads Partisil ODS- 
Spherisorb ODS and Spherisorb ODS-Nucleosil C 18. For the other column pairs, the 
confidence intervals of the slope estimate were larger than 0.4 and 0.2 for data ob- 
tained in the absence and presence of salt, respectively. Thus the retention behavior 
observed with the columns cannot be considered either homo- or homeoenergetic. 
The discrepancy is readily explained by the interaction of the ionized amino functions 
of the amino acids with the silanol groups at the surface and the attenuation of this 
efht at elevated ionic strength of the eluent. 

Indeed, when the eluite has a charged amino group and/or the eluent is rich 
in organic solvent, the physicochemical basis of retention may significantly differ from 
that underlying the solvophobic theory because of specific eluite interactions with the 
silanol groups at the stationary phase surface. Since the balance of the surface con- 
centrations of the accessibIe hydrocarbonaceous ligates and silanol group is unlikely 
to be the same for different bonded phases, comparison of retention data obtained 
under the above conditions ought to reveal heteroenergism. 

We also analyzed the data of Goldberg and Wilsonz2 who investigated ffie 
relative retention of five eluite pairs on twenty stationary phases employed in RPC, 
Gfteen of which were octyl- or octadecyl-silicas and the results are shown in Table VII. 
IQ agreement with other findings reported here the selectivity differences between the 
columns increase with increasing organic solvent concentration in the eluent and/or 
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with increasing eluite polarity. Relative retentions for caffeine-theophylline show a 
large scattering that can be explained by the strong tendency of the nitrogens.in these 
elnites to enter into silanophilic interactions even at relatively low acetonitrile con- 
cesitrations. The magnitude of the effect is expected to depend on the concentration 
of accessible silanol groups in the various stationary phases employed in the study. 
The results strongly suggest that silanophilic interactions are mainly responsible for 
selectivity differences observed in the various alkyl-silica columns. 

TABLE VII 
SELECTIVITY STUDIES ON ALKytsILICA COLUMNS FOR FM.3 ELUlTE PAIRS 
The results of Goldberg and Wilson* were anaIM to e-stabfish the scatter in selectivity as mea- 
sured by the relative standard deviation (R&D.). 

Chromatographic conditions Relative retention 

Eluite pair ELwnt Mean Range R.S.D. 

CafTein*theophyline 

Tohiic acid-benzoic acid 

Diethyl phthalate-dimethylphthalate 

Anthracene-naphthaIene 

Terphenyl-biphenyl 

Acetonitrile-water 2.17 3.41-l -65 0.204 
(2O:gO; pH 4.5) 
Acetonitrik-water 2.68 3.33-2.71 0.110 
(2O:SO; pH 4.5) 
Methanol-water 2.22 2.52-l .58 0.122 
(65:35) 
MethanoLwater 1.99 2.67-1.61 0.145 
(SO:20) 
Methanol-water 2.51 3.45-l .67 0.194 
(9O:lO) 

Phase ratio. The phase ratios of columns packed with a&y1 silicas having long 
chain ligates are mainly determined by the packing density, the amount of hydro- 
carbonaceous ligate bound and the pore structure of the column material. The surface 
coverage by the hydrocarbonaceous ligate in stationary phases prepared from &same 
silica support increases with carbon load until a maximum is reached. The phase ratio 
is expected to have a similar dependence on the carbon load. However, the pores of 
the silica support may be comparable in size to the ligates and the a&y1 groups in the 
bonded phases prepared from such silica may span the width of the pore and block 
passage of eluites through the pore. In this case a high carbon content can be un- 
desirable because clogging of the pores may occur so that a large part of the particle 
interior becomes inaccessible to eluites. 

Measurement of phase ratio is beset with great diBiculty in chromatography 
with bonded phases as neither the e&ctive volume nor the accessible surface area of 
the chromatographicahy active organic moiety can be clearly circumscribed. Further- 
more, in the case of a mixed mechanismzO phase ratios for both the organic ligates 
and the accessible silanol groups at the surface have to be defined. The difhculties 
may be exacerbated by changes in the effective volume or accessibb surface area of 
the ligates with eluent composition and perhaps with the size of eluite molecules. As 
the mechanistic details of the interaction between eluite and stationary phase ligates 
viz. adsorption vs. partition, are still subject to controversy the definition of phase 
ratio remains ambiguous. Nevertheless for hydroearbonaceous bonded phases the 
carbon load, the surface area of the silica matrix and the mobile phase volume in the 
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column allow a crude estimate of the phase ratio. When the same silica support is used 
the quotient of phase ratios for hydrocarbonaceous bonded ph&.ses might be estimated 
by the ratio of their carbon loads. Further work is needed, however, to examine the 
correlation between the numbers so obtained and the retention behavior for a variety 
of columns used in RPC. 

In chromatographic practice the composition of the eluent is adjusted in order 
to obtain retention factors ranging between 0.5 and 20. Change in eluent strength, 
however, is usually accompanied by a change in relative retention of the eluites since 
solvent interactions with different substituents and other moIecular subunits of the 
eluites are not identical’*2*19. Consequently selectivity differences frequently observed 
between alkyl bonded phases often derive from differences in eluite-eluent inter- 
actions, rather than from differences in the energetics of retention on columns having 
different phase ratios. As suggested by the results of the present analysis, most of the 
differences observed with hydrocarbonaceous bonded phases when water-rich eluents 

TABLE VIII 

PHASE RATIO QUOTIENTS FOR VARIOUS ALKYL-SILICA COLUMN DYADS 

The quotient is evaluated as the antilog of the intercept of xA vs. K= plot and given by the ratio of 
the corresponding phase ratios, Q.&,. The ranges representing the 95% confidence limits of the 
quotients are given as appropriate multiplicands. 

Stafionary phase 

Cohn~ A 

@ondapak C,O 

Hypessil ODS 

Zorbax ODS 

Supelcosil LC-18 

LiChrosorb RP-18 
LiChrosorb RP-8 

Supefcosil LC-S 

LiChrosorb RP-2 

supeJcosil LC-1 

cohuz B 

Quotient -___ 
Mean 

Hyped ODS 1.63 
LiCbrosorb RP-18 1.60 
Spherisorb ODS 2.32 
LiChrosorb W-18 0.97 
Sphcrisorb ODS 1.63 
Partisil ODS-3 0.77 
supekcsil LC-18 0.91 
Hypersil ODS 1.03 
Partisil ODS-3 1.35 
Hyped ODS 1.16 
Partisil ODS-3 1.55 
Spherisorb ODS 1.67 
,uBondapak C,, 0.78 
LiChrosorb RP-18 1.18 
LiChrosorb RP-1S 1.22 
Hyped ODS 1.21 
Spherisorb ODS 1.91 
Zorbax ODS 1.85 
Supekosil LGlS 1.62 
Hyped ODS 1.84 
Partisil ODS-3 2.49 
LiChrasorb RF-18 3.68 
LiCbrosorb RI38 3.14 
Zorbax ODS 7.42 
supc1cosil LC-18 5.32 
supekosil w-8 3.69 
Hyped ODS 6.26 
Partisil ODS-3 9.23 

Ref.’ 

Range : 

o-96-1x4 
0.96-l .04 
0.85-1.18 
0.98-l -02 
0.74-1.36 
0.74-l-36 
o_scm.26 
0.71-1.41 
0.52-l -91 
0.61-1.64 
0.46-2.15 
0.74-l -35 
0.95-l .os 
0.97-I .03 
0.96-1.04 
0.96-l -04 
0.77-1.30 
0.61-l -63 
0.53-1.89 
0.94-l .07 
0.90-1.11 
o.!m-1.11 
0.91-1.10 
0.95-1.06 
0.92-l -08 
0.96-l -04 
0.99-l -01 
0.94-l -07 

19 
19 
19 
19 
19 

19 
19 

19 
19 

* Data from this &&oratory unless otherwise indicated. 
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and relatively non-polar eluites having no basic functions are employed can be at- 
tributed to differences in the phase ratio and pore size distribution, rather than to 
differences in intrinsic thermodynamic properties. 

For column pairs exhibiting homoenergetic retention the intercept of K-K plots 
yield the quotient of the phase ratios of two columns, according to eqn. 6. Con- 
sequently homoenergetic K-K plots allow us to estimate the relative magnitude of the 
phase ratios for various columns. 

Table VII shows that the ratios or their reciprocals range between one and ten, 
i.e. the phase ratio values of all columns encompass less than an order of magnitude_ 
The differences are sufficiently great to mandate significantly different operating con- 
ditions for attaining practical retention values. For instance the phase ratio for 
Supelcosil LC-8 is about 2.5 times lower than that for Partisil ODS-3. Consequently, 
retention factors on ODS-3 are expected to be 2.5 times greater than on Supelcosil 
LC-8 under identical mobile phase conditions and at the same temperature. In order 
to obtain identical retention factors for a given eluite on the two phases, eluents of 
different composition have to be used. A hydro-organic eluent of intermediate com- 
position should contain about 10% more organic solvent for Partisil ODS-3 rather 
than for Supelcosil LC-8 in order to obtain about the same retention values on both 
columns. As a result the apparent selectivity of the two stationary phases will be 
different because polar groups of eluites interact differently with mobile phases having 
such variation in composition3*1g. 

When si!anophilic interactions also play a significant role in determining the 
energetics of retention, phase ratio differences can no longer account for the observed 
variation in retention behavior. Under such conditions the phase ratio quotient for 
a given column pair may depend on the eluent composition and the eluite as well. 
Indeed, analysis of retention data obtained by Tanaka eb a1.19 with lightly and heavily 
loaded stationary phases show a dependence of the phase ratio quotient on the mobile 
phase proper. With methanol-water, the quotient for the heavily to lightly loaded 
stationary phases is about 0.8 whereas with aqueous acetonitrile or tetrahydrofuran 
the quotients were found to be 1.14 and 1.4, respectively. The result may indicate 
differential solvation of the stationary phase ligates but more likely it reflects dif- 
ferences. in masking of surface silanols by the eluent. A reduction of silanophilic 
interactions by tetrahydrofuran in the eluent has been already been put forward by 
Tanaka et aZ.lg. It should be noted perhaps that according to our analysis the reten- 
tion behavior on all stationary phases is closest to homoenergetic when aqueous 
tetrahydrofuran is used in the eluent. Moreover, the phase ratio quotient is essentially 
the same as that estimated from the carbon load of the stationary phases in question 
(1.41 = 3.4/2.4). 

CONCLUSIONS 

Results obtained by analyzing a large number of K-K plots suggest that the 
retention on medium and long chain alkyl-silica stationary phases is homoenergetic 
as long as the eluite does not contain silanophilic functions or the surface silanol 
groups are masked and the eluent is sufficiently rich in water. These conditions cir- 
cumscribe solvophobic chromatography, i.e. “genuine” RPC, in which the solvophobic 
theory can account semi-quantitatively for the factors governing the observed re- 



tention behavior and differences between columns arise from differences in their 
phase ratios. On the other hand, heteroenergetic behavior in RPC is believed to 
indicate mixed retention mechanism due to silanopbilic interactions. 

Homoenergetic K--K plots allow the transformation of retention factors from 
one cohunn to another for the same elution condition by using the quotient of the 
phase ratios. Consequently, K-K plots may serve not only as useful diagnostic tools 
but also as means to predict the optimal column choice for a required retention factor. 

Moreover the intrinsic identity of columns in solvophobic chromatography 
might make possible the tentative identification of unknown sample components 
from normalized retention factors which are calculated by using an appropriate 
phase ratio with respect to an arbitarily chosen “standard (reference) column”. The 
use of retention data obtained under different conditions as far as eluent composition 
and temperature are concerned might be made possible by recent finding that the 
retention factors of alkylbenzenes obtained under different mobile phase conditions 
and/or temperatures are interrelated in a simple fashion and, as a consequence, re- 
tention at a given &rent composition and column temperature can be predicted from 
those obtained under other conditions3. The approach has shown promise for ex- 
tension to more complicated molecules. 

Further work is required to exploit the potential of the method proposed here 
although K-K plots may have an immediate use as analytical tools for the energetics 
of retention in RPC. Whereas they reveal the complexity of the chromatographic 
process over the broad range of conditions characteristic for this technique, they also 
suggest a common physicochemical basis for retention in solvophobic chromato- 
graphy- 
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