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Abstract 

A stable bond stationary phase for reversed-phase high-performance liquid chromatography, with a diisobutyl-n- 
octadecylsilane derivatized surface. was studied using “Si cross-polarization magic angle spinning (CP MAS) 
NMR. Fumed silica surfaces (Aerosil), trimethylsilylated to different extents, were used to illustrate the effect of 
ligand surface loading on the hydrogen bonding contribution IO the ligand silane CP MAS NMR signal. Spectral 
comparison of the diisobutyl-n-octadecylsilane derivatized silica with the conventional dimethyl-n-octadecylsilane 
derivatized silica revealed significantly decreased hydrogen bonding of residual silanols to the ligand siloxane bond 
in the diisobutyl-n-octadecyl phase. This illustrates the increased steric protection of the ligand siloxane bond by 
the bulky alkyl substituents, which is assumed to be the reason for the improved hydrolytic stability at low pH of 
this phase. 

1. Introduction 

In many applications of reversed-phase high- 
performance liquid chromatography (RP- 
HPLC), stationary phase degradation is a major 

drawback when using alkylsilane-modified silica 
surfaces because of the hydrolytic instability of 
siloxane bonds. The lifetime of one column 

packing may not even be sufficient to perform 
adequate experimental designs for optimizing 

separation efficiencies [ 11. Consequently, much 
research was done to identify the most important 
factors involved in phase deterioration and to 
design new stationary phases with improved 
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stability. Kirkland et al. proposed that bulky 
substituents in the silanizing reagent (for exam- 
ple, diisobutyl-n-octadecylsilane instead of di- 
methyl-n-octadecylsilane) would result in a more 
efficient steric protection of the silica surface 

and, in particular, the ligand siloxane bond [2]. 
These so-called stable bond phases indeed ex- 
hibit superior hydrolytic stability at low pH [3,4]. 
However, the improved steric protection was not 

observed as such; it was postulated using the 
increased chromatographic stability as a criter- 
ion. 

Of the physicochemical methods used to in- 
vestigate chromatographic silica surfaces, solid- 
state NMR has proven to be a powerful tool that 
enables identification of different chemical sur- 
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face structures, The goal of much research has 
been to relate NMR characteristics of the de- 
tected chemical surface species to the observed 

chromatographic behaviour of silica surfaces [5- 
111. In this paper we present ‘9Si cross-polariza- 
tion magic angle spinning (CP MAS) NMR 
evidence for a decreased contribution of hydro- 

gen bonding groups to the ligand silane signal in 
diisobutyl-n-octadecylsilane-modified silica gel 
compared to the dimethyl-n-octadecylsilane ana- 
logue. This inhibition of hydrogen bonding is 
brought about by steric protection of the ligand 
siloxane bond by the bulky isobutyl substituents. 

2. Experimental 

The two Zorbax octadecyl phases used in this 
study were obtained from Rockland Tech- 

nologies (Newport, DE, USA). One is a di- 
methyl-n-octadecylsilane derivatized silica, Rx- 
C 18, with a car.bon content of 12.25% (ligand 
density = 3.37 pmol/m’), the other is a 
diisobutyl-n-octadecylsilane derivatized silica, 
SB-C,,, with a carbon content of 9.85% (ligand 

density = 2.00 pmolim’). Both phases were pre- 
pared from the same silica substrate: Rx-Sil, with 
a surface area of 180 m”/g, a particle size of 5.4 

pm, an average pore diameter of 80 A and a 
pore volume of 0.45 ml/g (as reported by the 
manufacturer). In addition, four batches of a 
fumed silica (Aerosil A-200, Degussa, Frankfurt, 
Germany), trimethylsilylated to different degrees 
as described earlier [12], were also studied by 
“Si CP MAS NMR. All silicas were dried in 
vacuum for 8 h at 110°C. 

‘“Si CP MAS NMR spectra were obtained on 

a Bruker MSL-400 NMR spectrometer (Bruker, 
Rheinstetten, Germany) at a Larmor frequency 
of 79.6 MHz. Approximately 250 mg siliceous 
material was filled into zirconia rotors (7 mm) of 

the Bruker double bearing type. The magic angle 
spinning frequency was 2 kHz, using air as the 
driving gas. Contact time variation revealed that 

6 ms was an appropriate setting for comparing 
the spectra of the Aerosil samples. The contact 
time for the Zorbax phases was set to 3 ms. The 

acquisition time was 10 ms and the pulse delay 

time was 4 s. A total of 3000 free induction 
decays were added in 1K data points and zero 
filled to 8K. A line broadening of 20 Hz was 

applied prior to Fourier transformation. NMR 
chemical shifts are referenced to liquid tetra- 
methylsilane, using QsM, (the trimethylsilylester 
of cubic octameric silicate) as an external refer- 

ence. 

3. Results and discussion 

Fig. 1 displays the 29Si CP MAS NMR spectra 
of the Aerosil samples in the silane ligand region 

for four different degrees of trimethylsilylation. 
Clearly, the chemical shift of the maximum of 
the ligand signal decreases with increasing sur- 
face coverage. Also, the asymmetry of the sig- 

nals due to a shoulder at the left of the peak 
maximum is evident. Very recently, Haukka and 

Root [ 131 reported that a similar shoulder is also 
evident in the earlier pioneering work on 
silylated silicas [ 14,151, but that it never was 
commented on. They proposed to assign this 

signal to trimethylsilyl groups produced by the 
reaction of hexamethyldisilazane (HMDS) with a 

terminal silanol group of which the oxygen atom 
is involved in hydrogen bonding and the proton 
is uncoordinated. Many other authors postulate 

this type of silanol functionality to be more 
acidic and thus more reactive towards silanizing 
reagents such as HMDS [13]. After silylation, 

the oxygen atom in the ligand siloxane bond can 
still be involved in hydrogen bonding to the 
neighbouring silanol functionality, leading to a 

magnetic deshielding of the silane silicon nucleus 
(downfield shift of the NMR signal). A rather 
convincing argument for Haukka and Root’s 

assignment is the observation that the shoulder is 
less pronounced, or even not present at all, after 
silylation of high temperature (up to 820°C) 

pretreated silica substrates. This high tempera- 
ture curing causes the surface silanols to form 
siloxane bonds with neighbouring silanols. The 

resulting lower silanol surface concentration de- 
creases the possibilities of hydrogen bonding of 
residual silanols to the ligand siloxane bonds 
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Fig. 1. “Si CP MAS NMR spectra of Aerosil A-200 with 

trimethylsiloxane surface coverages and chemical shifts of the 

peak maxima ( ? maximum error) as indicated. All spectra 

are on the same intensity scale. 

after silylation. Now, Fig. 1 illustrates that in our 
case, where the silanol surface concentration is 
decreased by means of trimethylsilylation, the 
relative contribution of the hydrogen bonding 
residual silanols to the ligand siloxane signal is 
decreased because the signal maximum is shifted 

to lower ppm values. 
Fig. 2 displays the ‘“Si CP MAS NMR spectra 

of the two Zorbax C,, phases. Before consider- 

ing the asymmetry of the silane ligand NMR 
signals, it should be noted that the peak maxi- 
mum of the SB-C,, ligand signal is shifted 2 ppm 
upfield from the maximum of the Rx-C,, ligand 

Fig. 2. ‘9Si CP MAS NMR spectra of the Zorbax octadecyl 

RP-HPLC phases. Both spectra are on the same intensity 

scale. M = dimethyl-n-octadecylsiloxane, M’ = diisobutyl-n- 

octadecylsiloxane, Q, = single silanol, Q, = siloxane. 

signal. This is due to the j3 effect on 29Si upon 
substitution of two hydrogen atoms for two 

isopropyl groups. This chemical shift difference 
is, however, irrelevant in the following discus- 
sion. The attention is focused on the degree of 

asymmetry of both signals. It appears that the 
shoulder in the SB-C,, spectrum is much less 
pronounced, indicating that the ligand siloxane 

bond is involved in hydrogen bonding only to a 
small extent. In the Rx-C,, spectrum on the 
other hand, the shoulder is clearly discernible. It 

should be noted that the surface coverage by the 
diisobutyl-n-octadecylsilane ligands is much 
lower than that of the dimethyl-n-octadecylsilane 
ligands (26% vs. 44% of reacted silanols, assum- 
ing a generally accepted initial silanol surface 

concentration of 7.6 pmol/m” on a fully hy- 
dro.aylated silica surface: Kiselev-Zhuravlev 
constant = 4.6 nmm2 [ 161). Bearing in mind the 

result of the trimethylsilylated Aerosil surfaces, 
where increasing surface coverage is accom- 
panied by a decreasing hydrogen bonding contri- 
butj.on to the NMR signal, the slight asymmetry 
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Fig. 3. Schematic drawing of the dimethyl-n-octadecylsilyl 
and the diisobutyl-n-octadecylsiloxane surface structures. 
illustrating the increased steric protection of the &and 
sifoxane bond by the bulky side groups in the latter 

of the SB-C,, ligand NMR signal strongly sug- 
gests the superior steric shielding properties of 
the isobutyl groups. This is schematically illus- 
trated in Fig. 3. 

In an attempt to roughly quantify this hydro- 
gen bonding contribution, the spectra of the two 
n-octadecyl phases were deconvoluted using the 
Bruker Linesim software. As is known from 
theory, solid-state NMR signals generally have 
Gaussian line shapes, thus Gaussian functions 
were used in the spectral d~co~vo~ut~o~. A total 
of three Gaussian line shapes appeared necessary 
to accurately fit the experimental traces. Fig. 4 
shows the results of these simulations and Table 

RX-C,, SB-6;, 

Fig. 4. Experimental (a), simulated (b) and deconvoluted (c) 
traces of the ligand siloxane signals of the “Si CP MAS 
NMR spectra of the Rx-C,, phase (left) and the S&C,, 
phase (right). The numbers next to the individual Gaussians 
correspond to the peak numbers in Table I. 

1 summarizes the relevant numerical data. The 
main peak (IX-. 1) in the simulated traces repre- 
sents siiane silicon atoms attached to former 
single silanol (Q,) groups, of which the siloxane 
bond to the silica surface is not involved in 
hydrogen bonding. The second peak (nr. 2), 2 
ppm downfield from the main signal, has an 
intensity about 4 to 5 times smaller than the 
main peak. We assign this signal to the silane 
species after reaction with s~~an~diol (Q,) groups 
as the ratio 1~5 reflects the Q,:Q, ratio of the 
native silica gel. The third Gaussian (nr. 3) is 
mainly responsible for the asymmetry of the total 
ligand signal. In line with Haukka and Root’s 
results, this peak is assigned to the ligand silox- 
ane bonds involved in hydrogen bonding. 

From Table 1 several arguments can be de- 
duced to sustain the supposed increased shield- 
ing of the ligand siloxane bond in the SB-Cl8 
phase. First, peak number 3 has a greater down- 
field shift cornpa~~d to the main peak (number 1) 
1) in the Rx-C rg phase, indicating a stronger 
hydrogen bond. Second, this peak has a higher 
intensity and a larger relative area. Furthermore, 
the main peak (nr. I) at 3 1.5 ppm in the 

Table 1 
Relevant data of the three Gaussian peak shapes used to 
simulate the experimental ligand silane ‘“Si CP MAS NMR 
signal of the Rx-C,, and the SB-C,, phase 

Phase, S 
peak (ppm) 
nr.” 

Width 

(Hz) 

Relative 
area (Din ) 

Rx-C,, 
1 13.4 95,O (0.7) 236 (4) 71.6 (0.4) 
2 15.7 19.6 (1.0) 242 (7) 15.2 (0.6) 
3 18.8 11.3 (0.5) 364 (21) 13.2 (0.7) 

SB-C,, 
1 11.5 95.6 (0.6) 182 (3) 72.2 (0.4) 
2 13.2 25.2(1.1) 173 (7) 18.1(0.7) 
3 15.1 6.2 (0.3) 378 (22) 9.7 (0.5) 

Values in parentheses are + estimated maximum errors, de- 
termined by manual distortion of the separate parameters to 
the point where visual inspection clearly indicated a lack of 
lit. 
’ For assignments, see text. 
h Maximum in the experimental trace = 1110. 
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simulated traces of the SB-C,, spectrum has a 
considerably smaller width than the corre- 
sponding peak at 13.4 ppm in the Rx-C,, simu- 
lated trace. The same is true for peak number 2. 
This points to a decreased site dispersion for the 
silane silicon atom caused by the large cloud of 
isobutyl groups surrounding the silane silicon 
atom, which is thus effectively shielded from 
interactions that would contribute to its site 
dispersion. 

Together, these observations strongly suggest 

the increased steric protection of the ligand 
siloxane bond in the diisobutyl-n-octadecylsilane 
derivatized surface, especially if the surface 
loading effect is taken into account too. 

4. Conclusions 

It is proved. using ‘“Si CP MAS NMR, that 
isobutyl side groups of ligand silane chains of a 
silica based RP-HPLC phase provide a signifi- 
cantly increased steric protection of the ligand 

siloxane bond compared to their methyl ana- 
logues. Hydrogen bonding of residual silanols to 
the ligand siloxane oxygen atoms is shown to 

occur much less in the diisobutyl-n-octa- 
decylsilane derivatized silica. It is likely that this 
also explains the increased chromatographic 
stability at low pH of these stable bond phases, 
as the siloxane bond is protected from contact 
with aggressive, hydrolyzing eluents. It has very 
recently been demonstrated, however, that at 
high pH stable bond phases degrade more rapid- 
ly [17]. At high pH, dissolution of the silica 
substrate is the major cause of n-octadecylsilane 

stationary phase degradation [ 181. The lower 
surface coverage of diisobutyl-n-octadecylsilane 

phase compared to the dimethyl-n-octa- 
decylsilane phase apparently provides a less 
effective shielding of the underlying silica sub- 
strate. Therefore, the term “stable bond” phase 
refers to the increased stability of the ligand-to- 

silica siloxane bond. 
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