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Summary 
Two stationary phases, identically modified and 
derived from the same experimental Chromspher 
substrate, but one of which has been pretreated with a 
hydrofluoric acid solution, are compared after ageing 
with various eluents under simulated routine con- 
ditions. The hydrothermal hydrofluoric acid treatment 
of the silica substrate prior to modification with 
dimethyloctadecyl-silane improved both the surface 
coverage and the stability of the resulting stationary 
phase compared to those of the original substrate. The 
stabil i ty of the silica-to-silane bonding after 
modification was characterized by means of chroma- 
tographic techniques and elemental analysis. Changes 
in the rigidity of the substrate were studied by means 
of solid state 29Si NMR. The effect of the hydro- 
thermal acid treatment on relevant substrate para- 
meters, including formation of crystalline regions at 
the surface, is also discussed. 

Introduction 

One of the major problems yet to be solved with 
chemically modified stationary phases for use in 
reversed phase liquid chromatogrphy (RP-HPLC) is 
the deterioration of these phases in the coui'se of 
routine use with relatively agressive eluents [1-3]. The 
long term stability of these stationary phases in 
laboratory practice is limited by hydrolysis of ligands 
from the surface and hydrolysis of the silica substrate 
[4-6]. The use of aqueous buffer solutions with pH 
values below 3 or above 8 and eluents with a relatively 
high salt content drastically decrease the useful 
lifetime of RP-HPLC columns [1, 4, 6]. 

Currently some manufacturers apply special hydro- 
thermal treatments to silica substrates, thus giving the 
surface new physical or/and chemical properties, in 
order to improve their proprietary stationary phases. 
Here, we report on a study into the changes in surface 
properties brought about by a hydrothermal acidic 
treatment of the silica substrate before modification. 
The effect of this treatment on the stability of modified 
octadecyl silane ligands is studied by ageing these 
phases under conditions which simulate routine use. 
Changes in properties after ageing are characterized 
and partially quantified as reported in earlier pub- 
lications [4, 6]. 
The two different octadecylsilane RP-HPLC stationa- 
ry phases discussed here were prepared from a single 
starting silica substrate. Part of this substrate was 
pretreated with a 0 .1% (w/w) hydrofluoric acid 
solution in order to increase the reactivity of the 
silanol groups at the surface towards modification 
with octadecyl silanes. The second stationary phase 
was synthesized on the original substrate. The hydro- 
thermal acidic treatment altered some important 
surface properties, as witnessed by an increase in the 
silanediol/silanol ratio and ligand density after sub- 
sequent modification. We also found inhomogeneous 
areas of small crystalline micro-structures at the 
surface of the pretreated substrate. In this work the 
pretreatment with hydrofluoric acid resulted in an 
increased ligand density of about 30 percent. It may be 
concluded that the resistance to ligand hydrolysis of 
the pretreated octadecyl reversed phase, when exposed 
to ageing, was superior to that of the non-pretreated 
stationary phase. 

Experimental 

Materials 

The test components used for chromatographic char- 
acterization were all of reference grade. The alkyl- 
benzenes used (test mixture 1) were benzene,  
methylbenzene, ethylbenzene, propylbenzene, and 
butylbenzene. The alkyl aryl ketones used (test 
mixture 2) as test compounds were ethanophenone, 
propanophenone, butanophenone, pentanophenone, 
hexanophenone and octanophenone (Pierce Chemical 
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Corp., Rockford,  IL, USA).  All other  solvents and 
chemicals  used,  bo th  in s imulat ing rou t ine  ex- 
per iments  and in chromatographic  characterizat ion,  
were of analytical grade (E. Merck, Darmstadt,  FRG.).  
The deionized water exhibited an electrical resistance 
exceeding 10 Mohm.cm q ,  (Milli-Q system, Millipore 
Corp., Bedford,  USA). All eluents were freshly pre- 
pared and filtered through 0.22 Ixm membrane  filters 
(Millipore Corp., Bedford, USA) prior to use. 

C h r o m a t o g r a p h y  

The two octadecyl stationary phases which form the 
subject of this study were produced by modification of 
the same substrate, an experimental  Chromspher silica 
(Chrompack B.V., Middelburg, NL). Part of the silica 
that had been hydra ted  according to standard pro- 
cedures was dehydrated at 450 ~ Subsequent hydro- 
thermal  t rea tment  with a 0 . 1 %  (w/w) solut ion of 
hydrof luor ic  acid in deionized water  at 95 ~ for 
2 hours, increased the amount  of the more  reactive 
geminal silanol groups, Q2-groups, at the silica surface 
and drastically decreased the amount  of ionic im- 
purities present in the substrate (see Table I). The two 
substrates, untreated and pret reated,  were modified 
with dimethylamine-dimethyloctadecyls i lane (DMA-  
D M O D S )  [7, 8] under  identical exper imenta l  con- 
ditions. An excess of the mono-react ive  silane was 
dissolved in n-pentane and added to the silica sub- 
strate under an atmosphere of nitrogen. The n-pentane 
was removed  by evacuat ion and, subsequently,  the 
reac t ion  mixture  was ref luxed at 220 ~ under  a 
nitrogen atmosphere for 18 hours. The modified silicas 
were then filtered and thoroughly washed successively 
with n-pentane,  dry acetone and methanol.  The two 
reversed phase silicas thus prepared are referred to in 
the following discussion as octadecyl  Chromspher  
silica (ODCS) and pre t reated octadecyl Chromspher  
silica (PODCS),  respectively. The bulk propert ies  of 
the modified stationary phases are listed in Table II. 
The  carbon content  of the modified C18 s ta t ionary 
phases, prior to and after simulated routine use, was 
obtained with a Perkin Elmer  Analyzer,  model  240 
(Perkin Elmer Corp., Norwalk, CT, USA). 

Each stationary phase was used to pack seven identical 
Swagelock columns, 100 mm x 4.6 ram, i.d. (Crawford 
Fitting Company, Solon, OH, USA.) according to a 
standard packing procedure.  After a chromatographic 
test to ensure reproducibility of the packing procedure 
six columns were placed in an apparatus for simulated 
routine use, while the remaining column was used as a 
r e f e r e n c e  co lumn for  init ial  c h r o m a t o g r a p h i c  
characterizat ion.  The equipment  and p rocedure  for 
simulated intensive routine use have been formerly  
described in detail [4]. The basic and acidic aqueous 
and methanol /aqueous  buffers used for ageing were 
identical as before [6], see Table III. After  ageing, the 
c o l u m n s  we re  s u b j e c t e d  to c h r o m a t o g r a p h i c  
character izat ion as previously extensively discussed 
[6], with the two series of homologues,  alkylbenzenes 
and alkyl aryl ketones, at suitable eluent compositions. 
These chromatographic  experiments were per formed 
with a model  100A pump (Beckman Inst ruments ,  

Tab le  I Bulk propert ies  of the two silica substrates 
prior to silane modification; A = untreated Chrom- 
spher silica, B = Chromspher  silica after the hydro- 
thermal acidic treatment.  

Silica A Silica B 

Mean particle size (gm) 5 -+ 1.5 5 __+ 1.8 
Mean pore size (nm) 2 7, 7,5 
SBET, Specific area (m /g) 152, 141, 
Pore volume (cm3/g) ,51 ,50 

Ion content (ppm) (1) 
- Sodium: 4200, 1500, 
- Aluminum: 400, 300, 
- Iron: 190, 130, 
- Nickel: 20, 50, 
relative silanol ratio (2) 
- vicinal/"lone": 1,00 0,88 
- geminal: - 0,12 

(1) determined by atomic absorption spectrometry (AAS); 
calcium and copper content below 5 ppm. 

(2) determined by solid state 29Si MAS NMR. 

T a b l e  I I  Bulk p roper t i e s  of the octadecyls i lane  
modif ied R P - H P L C  stat ionary phases under  study; 
O D CS  = syn thes ized  on silica A, P O D C S  = 
synthesized on silica B. 

ODCS PODCS 

Mean particle size (~tm) 5 _+ 1.5 5 + 1.8 
Mean pore size (nm) 2 6, 6, 
SBET, Specific area (m/g) 93, 87, 
Pore volume (cm3/g) 0,285 0,286 

lon content (ppm) (1) 
- Sodium: 1500, 200, 
- Aluminum: 200, 1130, 
- Iron: 120, 110, 
- Nickel: 50, 100, 
Carbon content Pc (w/w) % (2) 10,06 11,59 
Ligand surface density 2 
cq (see [6], eq. (1) (Bmol �9 m- ) 3,16 4,03 

(1) determined by AAS; calcium and copper content below 5 
ppm. 

(2) determined by elemental analysis. 

Berkeley,  CA, USA),  a model  CV-6-VHPa-N60 in- 
jec t ion valve equipped  with a 20 gl loop (Valco,  
Houston,  TX, USA) and a model LC-3 variable wave- 
length UV-detec tor  (Pye Unicam, Cambridge,  UK) 
operated at 254 nm. Typically volumes of 5-10 gl of the 
test mixtures were injected. The detector  signal was 
sampled at 10 Hz and integrated with a Nelson 3000 
data  system (Nelson Analyt ical ,  Cuper t ino ,  CA, 
USA).  

S o l i d  S t a t e  Z 9 S i  C P - M A S  N M R  M e a s u r e m e n t s  

The solid state 29Si NMR spectra were obtained on a 
Bruker  CXP 300 Four ier  t ransform N M R  spectro-  
meter  at 59.63 MHz. Representat ive samples of 180- 
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Table  I I I  Eluent  composit ions for experiments  simulating routine use. 
Each column purged by 7000 column volumes of a typical eluent; f low-rate 0.5 ml/min; 
t ime 240 h; ambient  temperature.  

Volume fraction of lon pairing agent 
Ageing Buffer pH methanol in the ageing concentration 5 mMol 

experiment no, eluent 

l 0.05 M Phosphate 3.0 0 - 
2 0.05 M Phosphate 3.0 0.5 - 
3 0.05 M Phosphate 3.0 0.5 Hexylsulfonate 
4 0.05 M Carbonate 8.4 0 - 
5 0.05 M Carbonate 8.4 0.5 - 
6 0.05 M Carbonate 8.4 0.5 Triethylamine 

220 mg were spun at ca. 3.5 kHz using aluminum oxide 
ro tors  of the s tandard  Bruker  double  bear ing type. 
Solid s ta te  29Si c r o s s - p o l a r i z a t i o n  mag ic  angle  
spinning (CP-MAS) N M R  spectra of all the modified 
C18 s ta t ionary  phases  pr ior  to and af ter  s imulated 
routine t rea tments  were obtained with a cross-polari- 
zation contact  t ime of 6 ms. For the 29Si C P - M A S  
N M R  spectra of both  silica substrates a contact  t ime 
of 2 ms. was applied. A sp in - tempera tu re -a l t e rna ted  
CP sequence with quadrature  cycling and flip-back of 
the 1H nuclei was applied to el iminate exper imenta l  
artifacts. The pulse interval was 1 s. 
Typically 2000 free induction decays (FIDs)  with an 
acquisit ion time of 10 ms. were accumula ted  in 1 K 
da ta  points ,  zero filled to 8 K pr ior  to Four i e r  
t ransformat ion.  The  line broadening  used was 20 Hz 
prior  to zero-filling and Fourier  t ransformation.  The 
spectral width for all spectra was 20 kHz. The different 
types of surface silane/siloxane groups, with their 29Si 
N M R  chemical  shifts, p resen t  at the surface have  
already been repor ted  [6]. Exper iments  with variable 
contacts  measur ing  the character is t ic  CP-behav iour  
were carried out for both silica substrates and the two 
octadecyl modified reversed phases. Series of nineteen 
contacts ranging f rom 0.1 to 40 ms were applied. To 
eliminate t ime dependent  artifacts block averaging was 
used. Typical ly 16 x 64 F I D s  were  accumula ted  for  
each contact.  The other  spectral  pa ramete r s  were as 
described above.  For a quant i ta t ive compar ison  29Si 
Bloch decay magic  angle spinning (MAS)  N M R  
spectra of both silica substrates were obtained with a 
pulse interval  of 90 s and typically 1000 FIDs were 
accumulated.  

Results and Discussion 

Characterization 

Solid State 29Si NMR 

The solid state 29Si CP-MAS N M R  spectra  of both  
C h r o m s p h e r  subs t r a t e s  and the i r  mod i f i ed  C18 
reversed phases before and after simulated routine use 
are shown in Figures 1 and 2. The  structures of the 
sil iceous moie t ies  most  re levant  to this pape r  are 
depicted in Figure 3. 

M i 
CL 

ICS0 

ODCS 2 

ODCS3 

ODCS~ 

ODCS5 

OOCS6 

~ Chromspher 
silica 

20 0 -20 -t,0 -60 -B0 -100 -120 pprn. 

Figure 1 

29Si CP-MAS NMR spectra of the Chromspher silica substrate and 
ODCS phases before and after each treatment. Ns = 2000, contact 
time 6 ms., pulse interval time 1 s., acquisition time 10 ms., line 
broadening 20 Hz. 
The roman numerals indicate the typical ageing experiments as 
outlined in Table III. 

From these spectra the relative surface concentrat ion 
of all siliceous moieties can be calibrated. The results 
of spectroscopic measurements  and e lemental  analysis 
are summarized in Tables IV and V for our untreated 
and t r ea t ed  subs t ra tes  respect ively .  A l though  the 
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Monofunct ional  siIanes Tetrafunot ionaI a i loxanes 

MI 
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Figure 2 
29Si CP-MAS NMR spectra of the pretreated Chromspher silica 
substrate and PODCS phases before and after each treatment. Ns = 
2000, contact time 6 ms., pulse interval time 1 s., acquisition time 10 
ms., line broadening 20 Hz. The roman numerals indicate the 
typical ageing experiments as outlined in Table III. 

CHs 

O - -  Si - -  C~.H=~ 
I 
CH, 

M I + 12ppm. 

o .  
O i / O 

~ ;  \ O - - T j ] ~ i - -  OH 
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\ 1 /  \ 1 /  
Si Si 

I I 
0 0 

" 8 i /  
0 / "~0 
I I 

Si Si 
/ / \  / ~ \  

Q 4  - 110pprn. 
Figure 3 
Structure of siliceous moieties most relevant to this paper, notation 
and 298i chemical shift. 

results f rom nei ther  the e lementa l  analysis nor  the 
solid state 29Si 'CP-MAS N M R  show a perfect  match 
the results  for bo th  me thods  before  and af ter  the 
simulation of intensive use show a fair agreement .  I t  is 
clear that  the density of ligands at the surface upon 
modi f ica t ion  was increased  due to the p reced ing  
h y d r o t h e r m a l  hydro f luo r i c  acidic t r e a t m e n t .  The  
origin of this p h e n o m e n o n  is the format ion  of more  
reac t ive  geminal  s i lanol  g roups  (Q2, 12 % more )  
during this p re t rea tment .  These  geminal  silanols are 
fo rmed  when siloxane bridges at the surface of the 
silica substrate are extensively hydrolysed. 

As studied by Lork [9] hydrothermal  acidic t reatments  
of "sof t"  silica gels may very well in t roduce small 
hexagona l  crysta l l ine  doma ins  mos t  p r o b a b l y  l~- 
tridymite,  at the surface. In particular,  a high level of  

Tab le  IV Results of elemental  analysis and solid state 29Si CP-MAS N M R  exper iments  
of the O D C S  stat ionary phase before and after simulating routine use experiments.  The 
number  indicates the typical ageing exper iment  as given in Table  III .  The ODCS* and 
O D S C 0  phase  deno te  the original  s t a t ionary  phases  be fo re  and a f te r  packing/-  
chromatographic  characterization,  respectively. 

relative % Carbon 
Ligand density NMR rclative ratios 

a l  (eq. 1 [6] 
(lamol �9 m -2) M1 Q3 

ODCS* 10.06 3.16 0.44 0.56 
ODCS0 9.07 2.77 0.37 0.63 
O D C S 1 8.74 2.69 0.23 0.77 
ODCS2 8.79 2.71 0.32 0.68 
ODCS3 8.84 2.73 0.33 0.67 
ODCS4 8.65 2.66 0.25 0.75 
ODCS5 8.46 2.60 0.31 0.69 
ODCS6 8.51 2.62 0.33 0.67 

R.D. (eq. 7 [6]): 3.67 % 20.3 % 
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Table  V Results of elemental analysis and solid state 29Si CP-MAS N MR experiments 
of the P O D C S  stationary phase before and after each ageing experiments. Experimental  
conditions as outlined in Table III. 

relative % Carbon 
Ligand dcnsity NMR relative ratios 

tXl (cq. 1 [6]) 
(pmol �9 m -2) M1 03 

PODCS* 11.59 4.03 0.59 0.41 
PODCS0 11.35 3.93 0.57 0.43 
POD CS 1 11.08 3.81 0.51 0.49 
P O D CS2 10.96 3.77 0.50 0.50 
PODCS3 10.95 3.77 0.52 0.48 
PODCS4 11.30 3.91 0.56 0.44 
PODCS5 11.17 3.85 0.53 0.47 
PODCS6 11.27 3.89 0.49 0.51 

R.D. (eq. 7 [61): 2.46 % 9.10 % 

ionic impurities, as we have in the present  case, will 
enhance the formation and stability of the 13-tridymite 
domains. Feher  et al. [10] reported the formation of 13- 
t r idymite- l ike s tructures  f rom heptameric- t r is i lanol  
structures. In our opinion the leaching of silicas with 
relat ively high impuri ty levels could also lead to 
heptameric-hexasi lanol ,  and consequent ly  to 13-tri- 
dymite crystalline microstructures, at the surface. This 
phenomenon  is also consistent with the CP-behaviour 
[11] of the 29Si nuclei, as depicted in Figure 4 and 
Figure 5 for the substrates and the monofunctionally 
modified reversed phases respectively. 
The initial rise on the left side of each plot is due to 
the growth of 29Si magne t i za t ion  due  to cross- 
polarization by protons with a characteristic time THsi, 
and the subsequent decline is caused by relaxation of 
spin-locked protons with a spin-lattice relaxation time 
in the rotating frame, Tip H. Both the magnetization rise 
and decline of the " lone" and vicinal silanol groups, 
Q3, and substrate siloxanes, Q4, CP-curves, at - 1 0 2  
ppm and -110.5  ppm respectively, of the Chromspher  
silica show an approx imate ly  single exponen t ia l  
b e h a v i o u r  [11, 12]. The  same is t rue  for  the 
d imethy loc tadecy ls i loxys i lane ,  M1, moiety (at + 12 
ppm), and the 03  and 04  CP curves of the mono- 
funct ional ly  octadecyls i lane modif ied Chromsphe r  
silica. 
The  CP-behav iour  of hyd ro the rma l  acid t r ea ted  
C h r o m s p h e r  silica and the de r ived  oc tadecy l  
s t a t ionary  phase  is comple te ly  d i f fe rent .  H e re ,  
shoulders  or double  maxima were  d e t e r m i n e d ,  
ind ica t ing  sur face  areas  with d i f f e r en t  cross-  
polarization behaviour.  We assume the coexistence of 
at least two different regions present  at the surface: 
amorphous silica, with relatively large THSi, and TlpH 
values, and crystalline micro-structures,  [3-tridymite- 
like, with small THSi, and Tlp~i values. This hypothesis 

Figure 4 

Characteristic CP-bchaviour or 29si atoms in Chromspher silica 
[A] and hydrothermally acidic trcatcd Chromspher silica [B]. 
- �9 - Q3:- 102 ppm; -u-  Q4: - 110 ppm. 
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Figure 5 
Characteristic CP-bchaviour of 29Si nuclei in ODCS and PODCS 
stationary phases. 
- ,  - + 12 ppm; - � 9  - -102 ppm; - � 9  -110 ppm. 

is in agreement with the considerable wash out of 
foreign ions from the silica substrate (mainly sodium 
ions) by the hydrothermal acidic treatment. 

Both elemental analysis and solid state 29Si CP-MAS 
NMR measurements of the two stationary phases 
ODCS and PODCS showed a loss of ligands after 
exposure to the ageing eluents due to stationary phase 
stripping. However, the ODCS phase had already lost 
a considerable amount of alkyl chains during the 
packing procedure and subsequent chromatographic 
characterization (before packing: ODCS* and after 

characterization: ODCS0). This drop in organic 
content is probably caused by the wash out of 
unreacted physically adsorbed silane ligands at the 
surface after modification with an excess of these 
silanes. Therefore, the concentration of ligands 
depicted for both phases after chromatographic 
characterization, treatment 0, should be taken as the 
reference for further comparison. 
The relative deviation (RD) of the reported values, see 
Tables IV and V, were calibrated by comparing the 
values determined before and after ageing treatments 
relative to the value before, as calibrated by Eq. (7) [6]. 
The RD values for both ligand density and relative M1 
ratio were higher for the ODCS phase than for the 
PODCS phase. The PODCS phase exhibited a better 
resistance towards hydrolysis of the chemically 
bonded ligands, especially for eluents with high pH 
values (ageing experiments 4 to 6). 
The RD values calculated were smaller for elemental 
analysis than for 29Si CP-MAS NMR. This is mainly 
caused by fundamental differences between the two 
methods, as discussed before [6]. The determination of 
the amount of carbon relative to the amount of silica 
will be influenced by concurrent hydrolysis of the 
silica substrate. Surface analysis with 29Si CP-MAS 
NMR includes also the analysis of the increasing 
amount of silanol groups after hydrolysis of ligands 
and substrate siloxane bonds. The large amount of 
silanol, mostly Q3 sites, inevitably influences the ratio 
of M1 to Q3 given in Tables IV and V. In this case the 
RD value will be relatively large. 

Chromatography 
From the chromatograms of alkylbenzenes (test 
mixture 1) and alkyl aryl ketones (test mixture 2) the 
capacity factors were determined before and after the 
ageing experiments. Also for each column the sepa- 
ration efficiency, N(sys), was calculated for butyl- 
benzene eluted with an aqueous methanol eluent 
containing 80v/v % of methanol.The separation 
efficiency of all columns was determined at the start of 
the ageing experiments to check anomalous column 
packing. Due to a more heterogeneous size distri- 
bution of the PODCS particles the separation 
efficiency of all packed columns with the PODCS 
phase was 3 to 5 % lower than that of the identically 
packed ODCS columns. The chromatograms of the 
alkylbenzene test mixture before and after the 
simulated ageing experiments 1, 5 and 6 of the PODCS 
reversed phase are depicted in Figure 6. A typical 
diagram of log k' versus the volume fraction methanol 
(x) and the incremental carbon number of test mixture 
1 (no) is depicted in Figure 7. From this type of 
diagram the linear dependence of the log k' values on 
the eluent composition and at the same time on the 
incremental carbon number of the solutes is clearly 
shown. According to Eq. (2) and (3), previously 
published by our group [6], the a0, m0, al and ml values 
were calibrated by multiple linear regression. The 
validity of this regression was controlled by the 
correlation coefficient (r). By the use of Eq. (5a) and 
(5b) [6] the derived values for p and q were calculated. 
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Graphical representation of the regression function for k" with the 
volume fraction of the organic modifier (in this case methanol) in 
the elucnt between x = 0.6 and 0.9 and extrapolated for x between 0 
and 1 vs. the incremental carbon number of the alkylbenzene 
homologue series for the PODCS phase after ageing experiment 3. 

PODCS 0 
f ~  / L  Figure 6 

Chromatograms of the alkylbcnzenc test mixture on the pretreated 
octadecyl Chromspher phase before (0) and after ageing 

i 
1 Z 3 t~ 5 (experiments 1, 5 and 6). Chromatographic conditions: methanol- 

water 80 : 20 (v/v) %, UV detection 254 nm. 
retention time (rain) 

T a b l e  VI  C h r o m a t o g r a p h i c  charac te r i za t ion  pa ramete r s ,  d e t e r m i n e d  with regress ion  
and the corre la t ion coefficient  for regression for the a lky lbenzene  h o m o l o g o u s  series on 
the O D C S  phase  be fo re  and after each ageing exper iment .  Exper imen ta l  condi t ions  as 
out l ined in Tab le  III .  

ao mo p q r N (Sys) (1) 

O D CS 0 2.11 2.84 .829 1.09 .996 7164 
O D CS 1 2.26 3.05 .841 1.15 .997 6670 
ODCS2 2.23 3.00 .843 1.12 .996 6664 
O D CS 3 2.22 2.97 .850 1.08 .997 6022 
O D CS5 2.04 2.76 .838 1.05 .996 5796 
O D CS 6 1.93 2.60 ,852 0.96 .996 5122 

(1) Determined for butylbenzene eluted with an eluent containing 80 (v/v) % of methanol. Before the 
ageing experiments columns 1 to 6 showed separation efficiencies of N (sys) = 6800 ___ 200. 

Tab le  V I I  C h r o m a t o g r a p h i c  character iza t ion parameters ,  de t e rmined  by regression and 
the corre la t ion  coefficient  for  regression for the alkyl aryl ke tone  h o m o l o g o u s  series on 
the O D C S  phase  before  and after each ageing exper iment .  Exper imen ta l  condi t ions  as 
outl ined in Table  I I I .  

ao m0 p q r 

ODCS0 .362 1.54 .827 1.24 .996 
O D CS 1 .557 1.81 .828 1.35 .997 
ODCS2 .414 1.61 .840 1.26 .995 
ODCS3 .329 1.50 .852 1.22 .996 
OD CS5 .183 1.33 .837 1.18 .995 
ODCS6 .458 1.60 .833 1.22 .996 
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Table  VII I  Chromatographic  character izat ion parameters ,  de te rmined  by regression 
and the correlation coefficient for regression for the alkyibenzene homologous series on 
the P O D C S  phase before and after each ageing experiment.  Experimental  conditions as 
outlined in Table III. 

a0 m0 p q r N (Sys) (1) 

P O D CS0 2.04 2.79 .834 1.09 .996 6946 
P O D CS 1 2.02 2.80 .820 1.13 .997 6605 
PODCS2 2.20 2.96 .824 1.14 .997 5427 
P O D CS 3 2.19 2.98 .820 1.17 .997 6032 
P O D CS 5 2.00 2.71 .842 1.03 .996 6384 
PODCS6 2.06 2.84 .818 1.12 .997 6467 

( i )  Determined for butylbenzene eluted with an eluent containing 80 (v/v) % of methanol. Before ageing 
experiments columns 1 to 6 showed separation efficiencies of N (sys) = 6600 _+ 200, except the PODCS2 
column with N (sys) = 5950. 

Table  IX Chromatographic characterization parameters,  determined by regression and 
the correlation coefficient for regression for the alkyl aryl ketone homologous series on 
the P O D C S  phase before and after each ageing experiment. Experimental  conditions as 
outlined in Table III. 

ao mo p q r 

PO D CS0 .203 1.40 .833 1.23 .995 
PODCS1 .330 1.61 .810 1.34 .997 
PO D CS2 .179 1.35 .836 1.20 .995 
PO D CS3 .490 1.74 .807 1.34 .996 
PODCS5 .209 1.37 .838 1.19 .997 
PO D CS6 .309 1.58 .811 1.33 .996 

Tables VI and VII summarize the values for a0, m0, p, q 
and r determined for both test mixtures used before  
and after each ageing experiment for the ODCS phase, 
respectively.  Tables VIII  and IX summarize these 
values  for  the PODCS phases.  All co r r e l a t ion  
coefficients were between 0.995 and 0.998, indicating 
very reliable values for all constants estimated by use 
of the regression model  used in this study. An 
except ion  are the s ta t ionary phases af ter  ageing 
exper iment  4. The eluent used with this exper iment  
apparently caused a severe loss of ligands because of 
its aggressive nature. A reliable determinat ion of k" 
values was impossible due to extreme band broadening 
and peak  splitting. The value of a0 of a relatively 
apolar residue like benzene,  listed in Tables VI and 
VIII for the OCDS and PODCS phases respectively, 
represents  the capacity factor  of these s ta t ionary  
phases. 

As expec ted ,  the separa t ion  eff ic iency of bo th  
stationary phases decreased after prolonged exposure 
to relatively aggressive eluents. For the ageing ex- 
pe r imen t s  with low pH aqueous  and aqueous-  
methanol  buffer  solut ions the drop in separa t ion  
efficiency indicates normal changes in the structure of 
the packed bed. Nevertheless, the capacity factors of 
the test solutes increased, as will be discussed later 
(see "Selectivity"). 

Af ter  ageing experiments  of the ODCS phase with 
high pH eluents the capacity factors for all test solutes 
decreased and a severe drop in separation efficiency 

and resolut ion was found. On the o ther  hand the 
P O D CS  phase exhibi ted almost  constant  capaci ty  
factors  and separa t ion  eff ic iency under  ident ical  
ageing conditons. It can be concluded from these data 
that  the PODCS phase is more  resistant  towards 
prolonged exposure to relatively high pH eluents. 
However ,  the CP-behaviour of the PODCS stationary 
phase was altered by the ageing. The typical CP-curves 
with shoulders or double maxima of Mr, Q3 and Q4 29Si 
nuclei  changed back to an a lmost  normal  CP- 
behaviour  as given by the unt rea ted  Chromspher  
silica. Apparent ly the crystalline regions at the surface 
of the substrate were destroyed by hydrolysis and only 
amorphous silica was left, although for aged PODCS 
phases the TlpH values were still larger than for ODCS 
phases. 

Selectivity 
Selectivity in RP-HPLC depends on both the mobile 
and the stat ionary phase. To judge the changes in 
selectivity of the mobile phase the values for p are 
listed in Table VI to IX. These values were close to the 
theoretical  value for methanol-water  binary eluents 
calculated by Jandera,  p = 0.86. More  specific statio- 
nary phase solute interactions were est imated by the 
values of m0 for lipophilic and q for polar selectivity. 
As expected,  ra ther  good correlat ions (corre la t ion  
coeff icient  values 0.975 and 0.996 for ODCS and 
PODCS, respectively) were observed between the non- 
polar contr ibution to selectivity m0 and the capacity 
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factor of the stationary phase represented by a0 values. 
This is especially true for the most apolar residue of a 
homologous series of test solutes used in this study, 
the alkyl benzene test mixture. 
However, some unexpected results should be noticed: 
with decreasing ligand density of the stationary phases 
(see also the results of elemental analysis and 29Si CP- 
MAS NMR) the values of m0 and a0 (alkyl benzenes) 
increased after all ageing experiments at high pH, in- 
dicating increased lipophilic selectivity. It may be 
concluded that the ao and m0 values of the alkyl- 
benzene test mixture were influenced by the high 
density of the stacked octadecyl ligand chains, 
especially at the surface of the PODCS phase. 
Probably due to less densely stacked ligand chains of 
the original stationary phases this penomenon was not 
determined in a previous study [6], where al was about 
2.55 ~tmol �9 m -2. In our opinion, only part of the 
densely stacked C18 ligands of the stationary phase 
before ageing were accessible for apolar interaction. 
After the ageing experiments with high pH aqueous- 
methanol buffer solutions the lipophilic selectivity 
decreased for the ODCS phase, indicating less 
resistance towards hydrolysis for the ODCS phases. 
The fluctuation in polar selectivity, q, showed the 
limited influence of the silanol groups, present at the 
surface, probably due to steric hindrance by densely 
stacked ligand chains. For both test mixtures no 
serious increase of the q values was noticed. Even for 
the separation of more polar compounds, such as alkyl 
aryl ketones, the value of q did not change signif- 
icantly after prolonged exposure to relatively ag- 
gressive eluents. 

Conclusions 
After the hydrothermal acidic treatment of a silica gel 
with a relatively high level of ionic impurities, such as 
the experimental Chromspher silica gel used in this 
study, small crystalline regions, 13-tridymite-like, will 
be present at the silica surface. This study shows that 
after this acid treated silica gel is subjected to 
monofunctional modification with octadecyl silanes it 
still contained a considerable amount of crystalline 
regions and the CP-curves of the 29Si nuclei involved 
showed the typical double domain behaviour.  
However,  after simulated ageing experiments the 
crystalline regions disappeared due to substrate 
hydrolysis. It can be concluded that the crystalline 

regions were formed close to the substrate surface and 
were destroyed by hydrolysis. 
After the hydrothermal treatment with a 0.1 (w/w) % 
hydrofluoric acid solution the silica surface also 
contained about 12 % more geminal silanol groups, 
which show a higher intrinsic reactivity upon modi- 
fication with silanes. Modification of pretreated silica 
substrate with DMA-DMODS gave a 30 % higher 
octadecylsilane ligand density, which is presumed to 
be due to better accessibility of the silica surface 
inside the pores. 
The resulting PODCS reversed phase exhibited a 
better resistance towards hydrolysis of the chemically 
bonded ligands, especially when aqueous-methanol 
buffer solutions with high pH were used in the ageing 
treatments. The higher ligand density on the PODCS 
phase remained more or less constant during 
simulated routine use and showed a significantly bet- 
ter performance in all the characterization procedures 
used in this study. 
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