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Nucleosil IO NH, has been converted into 2,4_dinitroanilino, bis(Lnitropheny1) 
sulphone and 2,4,7-trinitrofluorenimine silicas. Net retention volumes per gram of 
sorbent have been measured for a number of monosubstituted benzenes and un- 
substituted polycyclic aromatic hydrocarbons, using n-hexane and dichloromethane- 
hexane (3.555) as eluent a: 10, 25 and 40%. The influences of temperature and of 
eluent strength on the bonded phase properties are described and related to the 
structure of the phases. At equilibrium. net retention data can be described in terms of 
the adsorption model, developed by Snyder for bare adsorbents- 

INTRODUCTION 

Tetranitrofluorenone (TENF), either physically adsorbed’ or chemically bound 
to porous silicaze5, and 3-(2,4-dinitroanilino)propylsilyl silica6.’ have been the subject 
of several chromatographic investigations. The complexing ability of nitrated ar- 
omatic compounds towards potential electron donors is well-known8, as is the fact 
that such complexing sites on a silica carrier can give rise to an improved selectivity- 
Hemetsberger et aI.’ and Nondek er af.’ related retention data on this type of bonded 
phases to complex association constants determined by means of suitable spectros- 
copic methods_ Although a correlation was found, it is not evident whether high- 
performance liquid chromatography (HPLC) can yield well-defined complexation 
constants_ In this respect, the relatively large concentration of ligands on the silica 
surface seems to hamper a straightforward interpretation of the results. 

In this work, attention is focused on the effects of temperature and eluent 
strength on solute retention, and an attempt is made to relate these effects to the 
structure of the bonded phase. Although the proposed approach has a limited scope, 
the obtained results may form a basis for further investigations in this field. This work 
is part of a project, the aim of which is to examine the applicability of Snyder‘s 
adsorption model’ (for bare adsorbents) to bonded phases with a moderate surface 
coverage of monomers_ Previously reported retention data on octadecylsilyl-‘“*“, N- 
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Z-cyanoethyl-N-methylamino-” and aminobutylsilica’3 could be described reason- 
ably well in terms of the parameters of this model. Provided that the chromatographic 
conditions obey the under&n g assumptions of the model, it has proved to be a 
valuable tool for understanding the retention behaviour of simple solutes on these 
phases. Encouraged by these results. we proceeded to complesing phases with a 
relatively high amount of bound organic material. 

THEORETICAL 

In this work. only the most simple and basic concepts of Snyder’s adsorption 
model will be considered_ For a more extended account the reader is referred to 
Snyder‘s book’ and previous papers on this subject”-t3. 

The net retention volume per gram of adsorbent in the column is given by 

log ( r,->., rp-) = log t,;+ + I (so - &O_-&) (I) 

where r is the adsorbent activity. 22 a measure of the Lewis basicity (or acidity) of the 
solute. co the (mean) eluent strength and As the (effective) surface area of the ad- 
sorbate molecule (espressed in units of S.5 A’. the surface area of a -CH = group in 
benzene)_ I’, is related to the specific surface area of the adsorbent_ The eluent 
strength scale was arbitrarily fixed with so = 0 for n-hexane. If 53’ values on the 
bonded phase are equal (or proportional) to those on bare silica, the adsorbent 
parameters I and log p:4 are readily obtained from plots of log (V>ii+? data of 
monosubstituted benzenes in hesane serms their .S” values on silica. Of course the 
magmtuae of I is related to z = OS3 of a (wide-pore) silica’. In order to obtain -4, 
values from eqn. 1. it is useful to apply so values which hold on bare silica. This holds 
true even when complex formation contributes to solute retention13. It was shown 
that. on silkd and on bonded phases, As values of monosubstituted benzenes are 
gisen bv 

A, = A, (talc.) i i’glrri (SiO,) (3 

where As (talc.) = _-ls when no solute and eluent localization (due to adsorbent 
heterogeneity) occurs. dui(SiOl) is the difkrence between As and A, (cak) on a de- 
activated silica_ As these cases are rather rare. a correction term is usually re- 
quired_ The localization parameter. ;-‘: can readily be evaluated with Ai, (talc.) and 

dui (SiO,) values given by Snyder’_ On bare silica and on the previously examined 
bonded phases. yi did not significantly depend on temperature. nor on the substituent i. 

The So values of unsubstituted polycyclic aromatic hydrocarbons are readily 
obtained by applying the estimated SC and log V.a in eqn_ I_ They can be described by 

S“ = IZ 0’,= - ; (II - 6) (3) 

where IZ is the number of aromatic carbon atoms of the arene and Q’?,= the contri- 
bution of a -CH = moiety in benzene (a non-delocalized solute) to its Se value. The 

second term accounts for delocalization effects. On a wide-pore bare silica, < = 
0.14 (ref. 14)_ but owing to complex formation of the arenes with bonded phases c can 
decrease and ev-en become negativer3. 
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Finally, the A, values of the arenes can be compared to those on bare silica 
given by 

A, = 6 + 0-S (/I - 6) + 0.25 (c - /I) (4) 

where c and h are the numbers of carbon atoms and protons in the arenes, respective- 

ly- 
If both the solute and eluent molecules can form a complex with bonded phase 

sites, the effective eluent strength will be larger than that on silica. Hence, the term 
~‘-4, in eqn. i (and thus the obtained A, values) wilt be anomalously larger3. If rxi is 
small or even negative (which points to complex formation by the solute). but the A, 
values are similar to those on silica, the eluent molecules apparently have a similar 
affinity to bonded phase sites and silanol groups. These rules of thumb are consistent 
with the adsorption model and will be applied in the following_ 

EXPERIMENTAL 

Chemicals ad sorbent characterization 

All solutes and reagents (Fluka, Buchs, Switzerland) were of the highest 
available purity and were used as received_ Dichloromethane and jr-hexane were 
supplied by Baker (Deventer, The Netherlands) and were dried with molecular sieve 
5.. 

Nucleosil 10 NH?, particle diameter 10 pm (Macherey. Nagel & Co.. Di.iren, 
G-F-R.), from the same batch as used in a previous investigation’3 was the starting 
material for the first two modifications described below_ From elemental ana!ysis 
(4.25% C and 1.240/;; N) and its BET surface area (355 1 2 m’/g) it was concluded 
that the monomers are aminobutyl groups. that the amounts of C, N and aminobu- 
tylsilyl (ABS) per gram of bare silica are 0.0473, 0.0135 and 0.1133 g, respective!y. 
that the surface concentration of ABS groups is 2.54 f 0.02 jrmole/m’. it was as- 
sumed that the silane had reacted bifunctionally and that the remaining reactive 
group was hydrolysed. 

Prepuration of 2,?-ninitroaniIi~~o ( DNA )-silica 

A suspension of 3 g Nucleosil 10 NH2 in 25 ml of 0.7 &i NaHCO, was degassed 
and homogenized by sonication. To this mixture a solution of 1.6 g 2,4-dinitro- 
throrobenzene in 20 ml ethanol was added dropwise while the contents of the flask 
were gently swirled. The mixture was allowed to react for 20 h at room temperature_ 
Thereafter, the yellow product was neutralized, rinsed with distilled water, methanol 
and acetone and dried at 60°C and 1 mmHg for 2 h. Elemental analysis showed the 
presence of 9.14 % C. Combination of this result with those for the starting ABS-silica 
yields an amount of 0.1556 g of bound 2,4dinitrophenyl (DNP) per gram of bare 
silica, which corresponds to a surface coverage of 2.45 pmole dinitrophenyl per m2 
and 0.09 pmole ABS per m2_ A similar large yield of DNP groups was reported by 
Nondek and Malek6. 

Preparation oj‘bis(3-tzitrophettd) sdphotze (DNPS)-silica 

_4 3-g amount of Nucleosil 10 NH2 was suspended in 130 ml of 0.025 &l 
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Fig. 1. Strwzture_code sod surfaceconcentration of bound groups on DNA-silica (a). DNPS-silica (b) and 
TRSF-silica (cl. 

NaHCO, in water-dimethylformamide (DMF) (IS:49 in a three-necked flask. After 
degassing and homogenizing. ;L solution of 0.45 g bis(4-tluoro-3-nitrophenyf) sul- 
phone in 10 ml ethanol was added dropwise while the contents of the tlask were swirled. 
The number of moles of reagent is half the number of moles of ABS groups in order 
to promote a bifunctional reaction-The reaction mixture was kept at 60°C under 
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gentle reflux. During the reaction the pH was monitored and maintained below 
a pH meter reading of pH = 10 (at which silica is stable in this medium) by 
bubbling CO1 through the suspension_ The reaction was stopped after 120 h when 
its rate had become very low (as followed by spectrophotometric analyses of the 
supematant at 420 nm). The yellow product was neutralized, rinsed and dried as 
described above. Elemental analysis gave 9.03 % C and 2.05 % N. From these re- 
sults and those for ABS-silica, it can be estimated that the weight of bound sul- 
phone per gram of bare silica and the surface coverage of sulphone are 0.135 + 0.003 
g and l-14 f 0.01 pmole/m” (bifunctional reaction), or 0.145 + 0.003 g and 1.16 _t 
0.01 pmole/m’ respectively (monofunctional reaction)_ This indicates a 83 7: conver- 
sion of the sulphone_ In order to estimate the extent of bifunctional reaction, 200 mg 
of the product were suspended in 10 ml of 0.01 N HCI and degassed. After 12 h the 
hydrochloric acid was washed out and titrated with a CO?-free borax solution using 
methyl red-bromocresol green as indicator_ The surface coverage of free ABS 
groups appeared to be 0.64 ,umole/m’_ It can now easily be estimated that 64 y0 of the 
bound sulphone reacted bifunctionally. 

Finally, the product was treated with 2,4dinitrofluorobenzene (as described 
above) in order to reduce the number of ABS groups. Elemental analysis showed 
9.86% C. From this result it can be estimated that the final product contains 0.46 
itmole 2.4-dinitrophenyl per m’ and that 0. IS pmole ABS per rn? are left on the silica 
surface_ 

Prepuratiom of 2,j,7-tri,litroj~lrore~li~?li~~e ( TlWF)-silica 

A 3-g amount of Nucleosil 10 NH, (surface coverage 2.12 pmole ABS per m’j 
was suspended in a solution of 1.2 g 2,4,7_trinitrofluorenone in 60 ml dry tetrahydro- 
furan (THF). The mixture was degassed and homogenized and was allowed to react 
for 4 days in the dark at room temperature_ The brown product was thoroughly 
washed with THF and dichloromethane and dried at 5O’C and 1 mmHg. Elemental 
analysis showed 5.S 1% C and 1.75 >L N. It was concluded that the surface concentra- 
tion of TRNF groups is about 0.44 pmole/m’. A similar low yield was obtained for 
TENF-silica, prepared with 2,4.5,7-tetranitrolhiorenone. These surface concentra- 
tions are roughly in accord with those reported by Lochmiilier et aL4 

The stability of the DNA- and the DNPS-phase was good. The fluorenimine 
phases. however, showed a slow decomposition in dichloromethane, as judged from 
an increased background of the LX-detector after storage of the columns for several 
months. In particular_ the TENF-phase was troublesome and only plate height 
measurements will be reported for this bonded phase. TRNF-silica was examined 
more closely, and apart from its surface concentration, the results seem reliable 
enough to characterize its sorbent properties. 

Appuratus urd procedure 
The columns (precision-bore stainless steel. _ 35 cm x 2.1 mm I.D.) were packed 

by means of a slurry technique_ The slurries ( 10 wt. 3, sorbent in dry tetrachlorometh- 
ant) were degassed and homogenized by sonication and forced into the columns 
with 200 ml jz-hesane at 350 atm_ Finally. 300 ml dry dichloromethane were hushed 
through the columns. The weights of the sorbents in the columns were 0.46 g (DNA-), 
0.43 g (DNPS-) and 0.40 g (TRNF-silica). 
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The apparatus and the measuring technique have been described previously”. 
The sample size was less than 25 pg. The reproducibility of triplicate Vs measure- 
ments was about 10 ,ul or 2% for strongly sorbed solutes. The column temperature 
was regulated by means of a water-jacket around the column and a heat exchanger_ 
By means of some valves. a rapid switch to a second water thermostat could be 
performed. This arragement made possible a 1 Y-change of the column temperature 
within a few minutes. These temperature jumps were applied in order to measure 
desorption entropies and enthalpies at a fixed sorbent state, as will be outlined below. 

The following eluents were used: rr-hexane (H, z” = 0) and n-hexane-dichloro- 
methane (653) (B, z” = !X!2 according to Snyder”)_ Measurements Lvere made at 
10. 15 and 3O’C. 

RESULTS AND DlSCtiSSION 

Ejjirc-ts oj‘sorberrr state on solute retentiofz md dispersion 
In a preliminary investigation on the solute retention. some interesting phe- 

nomena \vere observed_ 
(11 Temperutrrre ejjtcts. An abrupt jump of the eluent temperature from 25 to 

10-C caused an instantaneous decrease of 1’;. as expected. Thereafter. however. I’, 
appeared to increase steadily to a constant value. A reversed jump from 40 to 25’C 
had an analogous. but opposite. eflkct on the retention behaviour. These experiments 
we&performed a: a small pressure drop across the columns (50 atm) and IOLV flo~v- 
rates ( -E O-5 ml:min)_ The solute sorption-desorption equilibrium is fast (as usual). as 
a three-fold increase of the flo\v-rate did not affect the magnitude of l,*,_ After a 
temperature jump. constant r;, data were obtained after about 5.5 h (DNA-silica)_ 3 
h (DNPS-silica) and 2 h (TRNF-silica) of pumping- These equilibration times \vere 
roughly the same for both Is’-jumps (positive or negative) and did not clearly depend 
on the original temperature ( 10.25 or 40-C). In the binary eluent B the equilibration 
times \vere shorter ( 1.5 h). 

Obviously_ a temperature change causes a reversible alteration of the 
sorptike properties of the bound layers. As the mean distance between adjacent ABS 
groups is about 9.5 A and the conversion of these groups into DNA and DNPS 
groups is nearly complete. the mutual distance of the latter groups must also be small. 
Further, the total area of these soups is about equal to the silica surface area under- 
neath- Therefore_ it seems justified to assume that they are arranged in a rather dense 
Iayer on top of more or less upright-standing spacer groups. With this picture in 
mind. the follo\ving equilibria in the bound layers can be expected 

S +lYFf:AS (5) 

S t XA SAA---S (6) 

A +- A s AA (7) 

where S and A denote the soiute and the DNA or DNPS groups, respectively_ As the 
TRNF content is rather low. but ABS-TRNF (donor-acceptor) interaction is 
fiasible. the folIowing equilibria will be of prime importance 



SELECTIVITY OF NITROAROMATIC BONDED PHASES IN HPLC 327 

S+DsDS (S) 

StAtiAS (9) 

S + AD *AD---S (10) 
: . 

A+DeAD (11) 

where D denotes a “free” ABS group. It is noted that the amino groups on ABS-silica 
are largely adsorbed to silanol groups in the weak eluents used”. Finally. it has been 
shown that (free) ABS groups can form complexes with dichloromethane’3r 

D + CH,C& e D - - - CHICI, (12) 

As a result of a positive temperature jump all equilibria will shift to the left. but due to 
the restricted mobility of the anchored groups, the equilibria 7 and 11 will shift much 
more slowly than the equilibria 5,6$X,9 and 10. Hence. after a sharp drop, VX will 
increase slowly to a constant value. This esplanation is based on the plausible as- 
sumption that AS complexes are far more stronger than AA - - - S (or AD - - - S) inter- 
actions. 

From the foregoing it is evident that the influence of the temperature on sohtte 
desorption can only be evaluated unambiguously at a fixed sorbent state. This can be 
achieved by extrapolation of net retention volumes after abrupt jumps from 25 to 
IO’C and 35 to 40cC to zero equilibration time. denoted by (AX, EIO) and (A25 
EGO). Of course. the (AX E25) datum can also be used. Analogously. the data (AIO. 
E25) and (A40. E25) can be combined with (AIO. EGO) and (A40, E40). respectively. 
The change of the chemical potential of the solute on desorption is given by 

4&r = RT In ( VJ CV&) (13) 

where & is the effective volume of the sorbing phase per gram sorbent. From In 
( I*\/ W) data at different temperatures (but at the same sorbent state), 4$ - R In /; 
and 4E values can be estimated in 15’-intervals. Results for acetophenone and 
benzonitrile on DNA- and DNPS-silica in both eluents are given in Table I. In Fig. 2. 
de., is plotted r-e)-_ws 4c.r - R In /jr_ A pair of parallel lines (slope 360’K) is 
obtained for the eluents. Hence. apart from a temperature effect on both thermody- 
namic quantities which gives rise to a displacement of the data points alongside the 
lines, there is at least one mechanism which occurs only in one of the eluents. As the 
slopes of the lines which connect correspondin, = data points on the two lines (450 + 
20°K and 520 &- 30°K at 290_7”K and 305.7”K. respectively) only depend on temper- 
ature, and the estimated errors in the 4E and 4% values are rather small (see 
Table I), it seems justified to conclude that the occurrence of the two lines in Fig. 2 
be attributed to a single mechanismI and a small second-order temperature effect (on 
this mechanism, probably)_ The occurrence of two lines cannot merely be due to the 
trival term -R In (&j/Q because by sorption of dichloromethane in the bond layers. 
[j,/&, > 1. Hence, at equal values of dR_, and 4%.,, 4g.n - 43-u > 2-S calj 
mole - ‘K. Hovvever. it is conceivable that the solute molecules can to some extent 
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enter the solvated ligand layers in the binary solvent, whereas in hexane, adsorption 
on top of the bound iayers prevails_ As a result of the solvation of the ligands (and 
solute molecules), the complex stability (and hence LIR) will be diminished_ But due 
to the constraint of the motions of the solute molecules within the dense ligand layers, 
4% will not decrease proportionally (Le., according to the slope 36O”K), but less. 
Unfortunately, it is not possible to establish whether the observed solvent effect on 
AR and 4% is typical for dense ligand layers, because corresponding data in dilute 
solutions are scarce and generally not very reliable’. 

10 - H 

Fig. 2. Plots of Se ~rsus 4% - R lnfl for benzonitrile and acetophenone on DNA-silica (0) and DNPS- 
silica ( 0) at 17.5 and 32.S’C in n-henane (H) and in the binary eluenr (B). 

(2) Ejj2cts of eirretlr cIra)lge_ After a change from H to B, equilibrium is at- 
tained by flushing about 50 ml of B through the columns (Le.. 3 h of pumping at 50 
atm) (Fig. 3a). The same time is required to reach apparent equilibrium on DNPS- 
silica after a change from B to H. On DNA- and TRNF-silica this time is bout 16 h. 
In all instances the column temperature was 40°C. The thermostat kept on overnight, 
but the pump was stopped_ Next day, retention measurements were made at small 
time intervals, starting immediately after actuation of the pump. During a period of 
about 20-30 min the retention volumes decreased by about 40 yO_ but then increased 
steadily to their final values on the day before (FI,. -0 3c and d). In the following days 
the retention “dents” grew smaller and smaller and after 42 h of pumping (700 ml) 
rrue equilibrium is achieved on DNPS-silica; on DNA- and TRNF-silica about 940 
ml hexane are required (Le., 56 h of pumping)_ On DNA-silica, the pump was stop- 
ped, before apparent equilibrium was reached- Next day_ the Vs values seemed to 
increase from the level reached the day before (Fig. 3b). 

The following explanation is proposed_ Before the change from B to H the 
bonded phases are in the solvated (‘-swollen”) state. When apparent equilibrium is 
attained in hexane, most but not all the dichloromethane is removed from the “shrun- 
ken” sorbing phases. The remainin, a dichloromethane diffuses very slowly into the 
mobile phase. When the flow is stopped for a sufficiently long period, the dichloro- 
methane concentration in the hexane can increase to such an extent that partial 
reswelling occurs. When the hexane starts tlowing again two phenomena occur with 
opposite effects on solute retention. On the one hand (part of) the dichloromethane 
diffuses rapidly out of the “reswollen” sorbing phase into the hexane_ This solvates the 
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Fig_ 3_ Piots of log ( 1, 11) data ;It 40 C rrr.sxs time after the chxgc from eluent H to B for chrysene on 
DSPS-silk (;1). and &sr the change from B :o t-i on DE_&-silia for methyl benzoars (b). and on DSPS- 
Aicx for beozonirrits tc) and acsrophenone (d). 

sorbing phase as it moves through the column and causes a decrease in retention_ On 
the other hand. an increasing amount of the sorbing phase comes into contact with 
hesane. This pauses an increase in retention. which is slowed down by the slow self- 
association of the &and groups_ The two effects counterbalance after 20-30 min. The 
retention volumes become constant when equilibrium 7 or 11 has been re-established 
and the sorbent is again in its stab!e “shrunken” state. 

This explanation is supported by gas chromatographic analyses of the eluate 
during the first retention “dent” observed on the DNPS column. During the first 4 
min of pumping the dichloromethane concentration increased sharply. Thereafter it 
decreased steadily until it became constant (about O.wM, v;v) after 3 h (ie.. \vhen the 
sorbenr has reached its “shrunken” state)_ 

The above mentioned equilibration phenomena are also apparent on a silica 
vvith a moderate coverage of bound pyridylethylsiIy1 groups. Obviously they are 
commonly encountered on this type of aromatic polar bonded phases_ 

13) Peck dispersiorr. Strongly retained solutes (capacity ratio. /i’ > 12) shovved 
skewed peaks. in accord with the results of Lochmiiller and Amoss3. As the net reten- 

.tion volumes are independent of the flow-rate, peak skewness cannot be attributed to 
the slow rate of complex dissociation_ in the foregoing it is proposed that di- and 
monomeric completing sites with different sorptive strengths are present in the bound 
layer_ Thus. apart from the possibility that residual silanol groups contribute to the 
retention. non-linear isotherms cm be expected which explains peak skewing on this 
type of bonded phases. In the followin g, only symmetrical peaks are examined, 

According to Done and Knox”. reduced plate heights (h G H/cf,) are related 
to reduced linear flow-rates (r E I$,;&) by 

where Ir’,Xrn is the trivial contribution of peak broadening outside the column. (1, is the 
particle diameter. r the linear flow-rate and D,, the solute diffusion coefficient in the 
mobile phase. I& values can be estimated with the Wilke-Chang equationr8_ 

In Fig. 4. h - ( 1.4,~ + r”m33 ) data for nitrobenzene and benzonitrile are plotted 
WVws I’_ The slope of the plots, although dependent on 1’ on DNPS-silica, represents 
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the mass transfer parameter C. On DNA-silica (and the fluorenimine phases) C z 
0.2, i.e., rather close to the values obtained on wide-pore silicas where C ,( 0.06 (ref. 19) 
(wall effects’o probably contribute to C in our narrow-bore columns)_ In the binary 
eluent B similar plate height data were obtained_ On DNPS-silica however, C z 2.5 
and in addition C depends strongly on the eluent strength. 

0 
0 5 10, 1s 20 

Y 
Fig_. 1. The influence of slow mass transfer at 25’C in the bound layers of DNA-silica [nitrobenzmr. A-’ = 
X97( l );benzonitrilie.k’ = 9.96( x )]andofDNPS-siliea[nitrobenzenr.k’ = 5.OS( 0)andbenzonitrils.k’ = 
10.46 (0) [in n-hesane (H) and of DNPS-silica [nitrobenzene. k’ = 0.43 (O)] in the binnry eluent (B). 

In view of the slow diffusion of dichloromerhane through the --shrunken” 
bound layers. it is concluded from the rapid mass transfer on DNA-silica (and the 
fluorenimine phases) that the solutes are mainly adsorbed on top of the bound layer 
of these phases. On DNPS-silica the solutes are probably partly sorbed within the 
polar part of the bound layer. in the binary eluent “swelling‘- occurs and molecular 
diffusion is less severely restricted_ 

Sn_sder’s uclsorption model 
In view of the proposed picture of the bonded phases derived from the rather 

intricate solute retention behaviour, an attempt to apply a monolayer adsorption 
model may seem a precarious undertaking. However. it will be shown below that this 
model describes the retention data surprisingly well, although caution should be 
exercised in attributing a physical meaning to the obtained parameters_ In the fol- 
lowing only true equilibrium retention data will be considered. 

(1) Adsorbent nctisit_r_ Experimental log (V,/W’) data for some monosubsti- 
tuted benzenes on DNA-. DNPS- and TRNF-silica in tz-hesane are given in Table II_ 
Linear regression analysis of these data on 9 values, given by Snyder’ for bare silica, 
yields the a and log V, values presented in Table II (see eqn. 1). The data for anisole, 
methyl benzoate and acetophenone were excluded because they appear to deviate 
significantly from a plot of log ( V,/CV) data on the present sorbents WI-SSIIS those on 
ODS-silica. Similar deviations were observed on ABS-silica and can be ascribed to 
steric effects on complesationi3. The a values on DNA- and DNPS-silica appear to 
be about equal to those on ODS-silical’. where a = 0.51 i 0.01 (25°C) and 0.4s & 
0.01 (43_5”C)_ Obviously. these bonded phases have approximately equal e&ctive 
strengths towards monosubstituted benzenes as free silanol groups. The deviations 
from the regression line are largely systematic and indicate that the s” values on bare 
silica deviate slightly from the effective values on the bonded phases_ An interpre- 
tation of the log I’, data in terms of a monolayer adsorption model is not feasible_ 
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TABLE II 
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log (l;<Jr--) DATA FOR MONOSUBSTITUTED BENZENES ON DNA-. DNPS- AKD TRNF-SILICA IN 
HEYXNE, AND z log I-, VALUES. THEIR ERRORS AND THE STANDARD ERROR OF THE FIT (sr) 

i D:V_-I-siiicu DLVPS-silica TRVF-dir-0 

IO’C 3 c 4O’C 3=c 40-c 

H 
F 
Cl 
Br 

CH, 
SCH, 
OCH,* 
X0, 
CO,CH,* 
cs 
COCH,’ 

1.50 
I.35 
130 
1.5; 
1.61 
2.79 
_ _a 3.2, 
417 
4.95 
-t_s 
6.19 

- 0.49 -053 -0.35 - 0.43 -0.47 -0.55 - 0.35 - 0.40 
- o-40 - 0_33 - O--I6 - 0.29 - 0.31 -0.51 -0.31 -037 
-03 -036 -0X - 0.36 - 0.39 - 0.17 -0.15 -03 
- O_~S - 0.50 -0.3-l -0.21 -0.30 -0.x -0.17 - 0.25 
- 0.-#9 -05’ -0.55 -037 -0.4s -05s - 033 - o.‘Q 

0.19 0.1-I 0.06 020 0.17 0.0s 0.17 0.10 
0.3 0.19 0.12 OX 0.26 0.22 0.35 0.31 
0.99 0s O-79 0.97 0.92 OS3 OS6 0.75 
1.15 1.05 0.96 1.17 1.1s I.09 I.00 0.92 

I.-% 1.7s 1.1s 1.39 I.35 1.24 1.15 1.06 
1.61 I.49 1.59 I.65 1.6-l I.53 1.46 1.36 

3. 0.50 O.-s 0.15 0.17 0.49 0.19 0.41 0.40 
3 0.0-I 0.0-I 0.04 0.M 0.03 0.03 0.03 0.01 
log I-., - 1.1’ -l-II -1.11 -0.99 -1.11 - 1.19 -OS6 - 0.91 
s 0.1-l 0.10 0.10 0.10 0.09 0.09 0.07 0.06 

5: 0-t-l 0.1-l 0.1-l 0.13 0.13 0.12 0.10 0.09 
-._ ~_ ~__._ .._ .___ -~ -- _____ 

* Eccluded from regrLecion anaiyscs (see tsxr). 

T-ABLE III 

log (1, II’) D-AT-4 FOR SOXlE AREXES ON DE_%-_ DEPS- AND TRNF-SILICA 1N HEXXSE. ASD C 
VALUES FOR FCSED ARE&ES AED POLYPHEXYLS. THEIR STXKDXRD ERRORS AND THE 
ST.ASDXRD ERROR OF THE FIT (s,) 
-____.__.__ 

Sulurr R D-Y.-l-siiicu D_VPS-s&u TR:VF-dim 
_.___. _~____.-.-_~ ~--__- 

10. c 
__z_ _.._? _f____“‘f__ __-~-~.‘______._~o::c. _. -z:c____ _.___~ ._ 

40. c 
_. _~.___________ 

Benzene 6 - 0.49 -021 -025 - 0.43 -0.17 -0.55 -03 - 0.40 
Saphrhaiene IO 0.2” 0.15 0.06 0.20 0.13 0.04 0.3 0.15 
Acenrrphthene* IO 0.X 0.19 0.21 0.35 0.2s 0.1s 0.X 0.29 
Fluorene 12 0-55 O--l5 0.36 0.52 0.36 0.35 0.56 0.49 
.-bWu-x~ne 11 0.90 0.X 0.66 OS7 0.79 0.66 0s 0.76 
Phcnanthrens ia 0.91 0.79 0.63 ass 0.80 0.67 036 0.76 
Fluorznthcnc 16 1.3 1.13 1.01 I.24 1.1-I 1.00 1.71 I .09 
4 rae 16 1.X I.15 1.01 1.25 1.1-l 1.00 I.20 I-12 
Chcsne 1s 1.62 I.-l6 I.:1 1.59 1.17 1.X 1.56 1s 
Bcni+]p) rent 20 xl0 1.85 I.66 1.97 l.Si 1.66 1.9s 13s 
Perylsnc ‘0 211 I.92 1.76 LO-I 1.91 1.7-l 30’ 1.91 
Bibenql* II 0.06 -O_Ol - 0.09 0.07 0.00 - 0.0s 0.3 0.16 
Biphcnyl I’ 0.22 O-15 0.0s 0.1s 0.14 0.03 0.27 &‘I 
PTerpheql IS 0x0 0.67 0.61 0.75 0.70 0.57 OS3 031 
p-p’-Quaterphsnll 2-I I.35 I.22 1-1s I_32 I.22 1.07 I.3 1.23 
Fsed c~rcn~s ; -0.15s -0.151 -0.15-I -0.166 -0.133 -0.11s - 0.206 - 0.109 

Iwrplw: - _ rLs f 
0.007 0.007 0.00s 0.009 0.007 0.006 0_012 0.013 

- 0.001 0.006 -0.007 0.001 0.010 0.018 - 0.03 - 0.027 
J 0.009 0.006 0.005 0.004 0.009 0.00s 0_007 0.014 

5, 0.09 0.0s 0.09 0.10 O-OS 0.07 0.11 O.lS 
____- -----___________ ___ 

* Ourlisr. cxcludcd from rcgession nnaIyKs (see LCXL). 



SELECTIVITY OF NITROAROMATIC BONDED PHASES IN HPLC 

Both CL and log V, values on TRNF-silica are close to those on ABS-silicai where a 
= 0.39 + 0.01 and log F’, = - 0.79 + O-04 at 25°C. This result is expected since the 
surface concentration of the ABS groups is rather large on this mixed-phase sorbent. 
The low activity of ABS-silica in weak eluents is due to the adsorption of the amino 
groups to free silanol groups left on the silica surface”. It is interesting that x in- 
creases when the adsorption of the bulky DNP and DNPS groups is hampered_ 

(2) Solute-sol-bent itlteractions. Experimental log ( Vx j W) data on polycyclic 
aromatic hydrocarbons in hexane are given in Table III. Apart from acenaphthene 
and bibenzylf, the 9 values (obtained form eqn. 1) can be described accurately by 
means of eqn. 3 with different i values for the fused arenes and the polyphenyls. These 
< values are given in Table III. According to eqn. 3, the selectivity of the bonded phase 
j towards arenes can be evaluated from 

(IS) 

where Q%,= = 0.204 & 0.004. At 25°C the following data (for fused arenes and poly- 
phenyis. respectively) are obtained: DNPS- = DNA-(0.170; 0.095) 2 TRNF-(0.165; 
0.092) > ABS- (0.112; 0.089) > bare silica (0.091; -). We conclude: 

(i) Despite their different structures, TRNF-, DNA- and DNPS-silica form 
compleses with effectively equal stability 

(ii) Obviously. arenes can form compleses with electron acceptor and electron 
donor ligands, but with the nitroaromatic phases the interactions are stronger than 
with ABS-silica 

(iii) On all compIexing phases, a polyphenyl shows weaker interaction than is 
expected for a fused arene with the same number of aromatic carbon atoms. This is 
due to the small extent of n-conjugation in the slightly twisted polyphenyl molecules, 
\shich limits the stability of the charge-transfer complexi 

(iv) The sharp increase of the selectivity caused by only a small amount of 
TRNF groups points to a strong complexing ability of these electron acceptor sites 
Recently. Lochmilller et a/_& showed that the retention of arenes substantially in- 
creases vvith the degree of nitration of the fluorenimine nucleus. 

(3) Primary eiuent effecrs. Experimental log ( l/k/ it’) data for some monosub- 
stituted benzenes and arenes in the binary eluent B are given in Tables IV and V_ 
respectively_ Combination of these data with those in hexane gives As values (eqn. 1). 
from which yi values for the benzenes can be calculated by means of eqn. 2. An 
analysis ofthe variance” of the ‘ii values revealed that they depend on the substituent 
i and on the bonded phase. but the influence of temperature appeared to be insignifi- 
cant_ The II, values of the arenes are only slightly temperature-dependent_ Therefore it 
suffices to consider the mean ;‘i and A, values presented in Tables IV and V, respec- 
tively. 

The rls values of the monosubstituted benzenes and arenes on DNA- and 
DNPS-silica are about 15 Pb smaller than those on ODS-silica”. The similarity 
of the relative deviations for both solute classes points to a change of the sorbent 
properties in the binary eluent: the small As iand ;:J values on DNA- and DNPS- 
silica can be attributed to a small but significant increase of the sorbent activity zLR 

f The rather small 9’ value of bibenzy1 may be related to the poor stabilization of the s.x-comples. 
Acrnaphthene shows rather large 9 ~ahxs. presumably due to inductke effects by its meth~lene groups. 
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(0.04 f 0.01) and the sorbent volume (12 + 7 %) in the binary eluent due to “swel- 
ling” of the sorbing phase. The yi and A, values on TRNF-silica are larger than those 
on the DNA-phase. Obviously, residual ABS groups in this phase are involved which 
can cause a substantial increase of A, values’3. 

CONCLUSIONS 

In bonded phases with a sufficiently large coverage of (polar) ligands on flexible 
spacer chains, self-association can occur to some extent in the presence of apolar or 
weakly polar solvents. After a perturbation of the association equilibrium by a 
sudden change of the temperature, the new sorbent state is established only after a 
few hours. The slow rate of this type of relaxation process facilitates the determi- 
nation of solute desorption enthalpies and entropies at a fixed sorbent state. 

An analysis of the desorption enthalpies and entropies for benzonitrile and 
acetophenone on DNA- and DNPS-silica shows that the sorption mechanisms in a 
hexane and in a dichloromethane-hexane eluent are different. in the former. adsorp- 
tion on top of the bound layer prevails, whereas in the latter the solute molecules can 
to some extent enter the solvated ligand Iayers. 

An eluent change from 35% dichloromethane in hexane to pure hexane re- 
quires a 40-60 h flush of hexane before reproducible retention data are obtained. The 
slow transfer of the dichloromethane to the mobile phase is due to the difficulty in 
permeating the associated layer of ligand groups. which is formed in the hesane 
eluent. A reversed eluent change requires only a few hours flush of the binary eluent 
through the columns, because of the salvation and -‘swelling“ of the bound layers in 
this eluent. 

On DNPS-silica an enormous contribution to the plate height occurs as a result 
of partial penetration of the solutes into the bound layer and of restricted solute 
diffusion in this layer_ 

Equilibrium net retention data on these bonded phases can be described very 
well with the basic equations of Snyder’s adsorption model. The sorbent activity of 
DNA- and of DNPS-silica is close to that of free silanol groups. TRNF-silica has an 
activity close to ABS-silica due to the lar_ge amount of ABS groups in this mixed 
bonded phase. The adsorption model is a useful tool for comparing the complexing 
abilities of bonded phases. The complex stability appears to depend on the extent of 
rr-conjugation in the solute molecules. 

Due to diminished self-association of the ligands and “swelling” of the bound 
layer in the binary eluent, the eluent effect is slightly smaller than predicted by 
Snyder’s model 

From a practical point of view, the fluorenimine phases are not recommended 
because of their poor chemical stability_ Under isothermal and isocratic conditions. 
DNA-silica is quite useful. 
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