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SUMMARY

Monofunctional reversed-phase materials with different carbon contents were
prepared and their chromatographic behaviours examined. Using NMR techniques,
the mobility of the alkyl chains of these materials was determined. It was found that
a relationship exists between the retention data of a given test mixture and the mo-
bility of the alkyl chain, which is influenced by both carbon content and solvent
composition of the mobile phase.

INTRODUCTION

Although reversed-phase chromatography enjoys high popularity, our under-
standing of the separation process involved is still low. According to the solvophobic
theory!-2, the main reason for retention and selectivity in reversed-phase liquid chro-
matography is the solubility of the solute in the mobile phase. The stationary phase
is assumed to have a non-polar surface, formed by hydrocarbonaceous ligands. In
the discussion of the separation process, the influence of stationary phase properties
such as surface concentration and dynamic behaviour of alkyl chains as well as re-
sidual silanol groups have to be considered.

From practical experience, it is well known that the mobile phase is easier to
reproduce than the stationary phase®. The reasons for differing chromatographic
behaviour of stationary phases from different manufacturers can be attributed partly
to the different properties and pretreatments of the original silica and partly to the
method and extent of modification. Even phases modified with the same hydrocar-
bonaceous ligand, e.g. octadecyl phases, are different if different modifying agents
(mono-, di- or trifunctional alkylsilanes) or surface coverage and a possible post-
treatment (“endcapping”) is used*~8.

Information about stationary phase properties under chromatographic con-
ditions have been derived from chromatographic measurements?-4-6.7, Surface struc-
tures of reversed-phase material were examined by IR spectroscopy?, differential
scanning calorimetry'®, by studying the luminescence of pyrene silanes bound to
silica'*-12 and recently by NMR measurements!3 23, We have continued our work in
the latter field23, in which we used 13C and 2°Si-cross-polarization magic angle spin-
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ning (CP-MAS) NMR spectroscopy for surface investigations of reversed-phase ma-
terials, by further NMR studies of monoalkylfunctional silicas under more real chro-
matographic conditions in the presence of mobile phase.

Whereas 13C and 29Si CP-MAS-NMR spectroscopy has been proved to be an
excellent method for the characterization of the solid-state structure of the reversed-
phase material and allows us to distinguish between different binding sites of the
hydrocarbonaceous ligands, it is of limited value to investigate the dynamic behav-
iour in the presence of mobile phase and solute. Therefore, we investigated suspen-
sions of reversed-phase materials in solvent mixtures normally used in chromato-
graphy, like acetonitrile-water. An advantage of such '*C-NMR measurements in
suspension is the possibility of obtaining information about the mobility of the lig-
ands in the presence of solvents by determining '*C-spin lattice relaxation times,
which is not possible by CP-MAS-NMR spectroscopy. Gilpin and co-workers re-
ported data with **C-enrichment at the terminal C-atoms. However, we were inter-
ested to avoid the laborious preparation of !'3C-enriched reversed-phase material,
and rather to use readily available reversed-phase material with the natural 3C-
abundance. In this case, also, the dynamic properties of the medium, main part of
the alkyl chain can be determined, e.g. C,—C;; of an octadecyl phase. The relaxation
time of a terminal C, g-atom is not as characteristic for the medium segment mobility
of the alky! chain, because its dynamic properties are dominated by rotation about
the end bond.

Three reversed phases with varying carbon contents were prepared, and their
13C-NMR spin lattice relaxation times in various acetonitrile—water mixtures were
investigated. In this way, we obtained data relevant to the average segment mobility
of the alkyl chain. This, we believe, is important for chromatographic process.

Simultaneously, retention and selectivity data of these phases were examined
by chromatographic measurements, and correlated to the NMR data.

EXPERIMENTAL

Preparation of C,g reversed-phase supports

A 5-g quantity of Nucleosil 100, 7 4 (Macherey & Nagel, Diiren, F.R.G.), 3.5
mmol OH/g, was dried at 150-200°C under vacuum for 24 h and then suspended in
250 ml of 1,2,4-trichlorobenzene. In a nitrogen atmosphere, octadecyldimethylme-
thoxysilane (20:mmol, resulting in chemically bonded silica gel phase LAB I; or 13
mmol, resulting in phase LAB II) was added and the mixture refluxed for 24 h. The
reaction product was filtered off, washed with several portions of 1,2,4-trichloro-
benzene and methanol and dried under vacuum for 30 h (0.05 Torr = 6.6 Pa).

‘ Phase LAB 11 (5 g) was endcapped in 250 ml of trichlorobenzene under nitro-
gen atmosphere with 8 mmol of trimethylchlorosilane and 8.7 mmol of hexamethyl-
disilazane. The mixture was worked up as above.

In order to prove whether the alkyl chains are really bound to the silica surface,
the home-made phases were investigated by 1*C CP-MAS-NMR spectroscopy. Fig.
1 shows 13C CP-MAS-NMR spectra of phase LAB II before (a) and after (b) end-
capping. During the process of endcapping, free OH groups react with (CH;)3SiCl
and [(CH),Si],NH. Because of the increased concentration of Si-CHj, groups after
endcapping, the resonance at 0.3 ppm attributed to silicon-bound methyl groups
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Fig. 1. 13C CP-MAS-NMR spectra (75.46 MHz): (a) of the reaction product of n-octadecyldimethylme-
thoxysilane with silica gel Nucleosil 100, 7 um (phase LAB II); (b) after endcapping of phase LAB II with
hexamethyldisilazane-trichlorosilane.

-S8i(CH3),R (A™) and Si(CHs); (A)?? increases. Carbon atoms C, and C, 5 absorb at
16.6 ppm and the resonance of C, and C,, lies at 22.2 ppm. The strong signal at
28.7 ppm must be assigned to C4—C,s, the peaks at 30.8 ppm and 32.5 ppm to Cy6
and C,, respectively. At 49.7 ppm, the resonance of adsorbed methanol can be ob-
served. These assignments were described earlier?3.

Elemental analysis of the stationary phase was performed on a Carlo Erba
Model 1104 elemental analyser.

NMR studies
CP-MAS spectra. The 13C NMR spectra were obtained on a Bruker CXP-300
Fourier transform NMR spectrometer with samples of 100200 mg in 6.3 mm I.D.
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boron nitride rotofs. CP-MAS was used with alternating inversion of the 90° pulse
phase. The proton 90° pulse length was 4.5 ps. The contact times were 3 ms and
repetition times 4-6 s. The spinning speed was between 3.5 and 5.0 kHz; hence,
side-bands do not appear for those compounds with a low anisotropic chemical shift
tensor. The variation of the magic angle was checked with glycine between the ex-
periments; the line width of the carbonyl signal never exceeded 30 Hz. The chemical
shifts were referenced to tetramethylsilane, using the carbonyl signal of glycine as a
secondary standard (179.09 ppm).

Suspension NMR spectra. 13C NMR spectra were measured in 10-mm sample
tubes on a Bruker WH 90 Fourier transform NMR spectrometer using proton broad-
band decoupling at 303 K. A 600-mg quantity of the silica gel phase was suspended
in 2 ml of solvent and the resulting slurry was adjusted to a height of 10 mm in the
NMR tube by means of a PTFE plug with an inner diameter of 6 mm.

For the relaxation time measurements, a 90° pulse of 16 us at a measuring time
of 0.68 s (6000 Hz/8 K) and a waiting time of 1 s was employed. Typical spectra
represented the sum of 5000-10 000 scans.

Chromatographic studies

The chromatographic apparatus used was a Hewlett-Packard 1084 liquid chro-
matograph equipped with a high-speed UV diode-array detector (HP 1040). Chro-
matograms were recorded at 254 nm and stored on disk. Each chromatographic run
was repeated at least three times; random standard deviation was in all cases better
than 1%. Spectra of the solutes were taken to check the sequence of elution.

Stainless-steel Hyperchrome columns, 250 x 4.6 mm L.D. (Bischoff, Leonberg,
F.R.G.), were packed using a Shandon packing pump (Shandon, Frankfurt, F.R.G.).
The slurry of 3 g of stationary phase in 35 ml of isopropanol, shaken for 5 min in
an ultrasonic bath, was filled into the columns using 150 ml of methanol as packing
solvent.

The mobile phase used in the chromatographic experiments was acetonitrile—
water (70:30), mixed by the two pumps. Acetonitrile was purchased from Riedel-de
Haen (Hannover, F.R.G.) and water was prepared in high purity by a Milli-Q unit
(Millipore, Neu-Isenburg, F.R.G.).

Samples of pro analisi grade were purchased from various suppliers (Merck,
Darmstadt, F.R.G.; Fluka, Neu-Ulm, F.R.G.; Riedel-de Haen). Column dead vol-
umes for the caleulations of capacity factors (k') were measured using sodium ni-
trate?+,

RESULTS AND DISCUSSION

NMR investigations

Examination of the dynamic behaviour of the alkyl chains was accomplished
by measuring spin lattice relaxation times of phases suspended in acetonitrile or other
solvents. Since the stationary phase interacts with the solvent, these conditions seem
to be a good approach to conditions in the column during the separation process. In
spite of poorer resolution of suspension spectra compared to CP-MAS spectra, the
characteristic signals of silica-bound octadecyl chains are well recognizable (Figs.
2-4). However, the chemical shift of the individual carbon atoms is the same in
suspension NMR spectra as compared to 13C CP-MAS-NMR spectra.
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Spin lattice relaxation times (7;) were measured by the inversion recovery
method. The pulse sequence consists of a 180° pulse, a variable waiting time, 7, and
a 90° pulse. In the case of longitudinal relaxation, stimulated nuclei lose energy to
their surroundings (spin lattice relaxation) by interacting with local, fluctuating
electromagnetic fields. The frequencies of these fields are identical with the larmor
frequencies of the nuclei. Because the origin of the electromagnetic fields is due to
movement of nuclei, one can examine the dynamic behaviour of molecules by mea-
suring spin lattice relaxation times.

After having been inversed by the 180° pulse, magnetization M, relaxes during
the waiting time t. Depending on the length of 1, the signal resulting after the 90°
pulse is negative (inverted), zero (no absorption) or positive (absorption). In the case
of no absorption, the waiting time, 7, is directly proportional to T1:T; = t/ln 2.

By measurements of temperature dependence, it could be proved that increas-
ing 7 values of the CH, groups correlate with increasing mobility.

Fig. 2 shows spin lattice relaxation time measurement of the phase with the
lowest carbon coverage LAB II in [2Hlacetonitrile. In addition to the septet at 1.3
ppm of the C2H; group of the solvent, a signal at 15 ppm attributed to the terminal
methyl group is visible. The signal of the carbon atom C,, appears at 24 ppm, Cy—
C;5 absorb at 30 ppm and the resonance signal of C; and Cg is recognizable as a
shoulder on the resonance at 24 ppm. The signals of C; and C, are severely broad-
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Fig. 2. Inversion recovery spectra (22.63 MHz) of the suspension of phase LAB II in [2H]acetonitrile.
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ened as consequence of bonding to the rigid silica surface and therefore cannot be
observed. Even if the C,-position is 13C-enriched, only a very weak and broad signal
is obtained!4. Chemical shifts were assigned by increment calculations, by compar-
ison with the 13C CP-MAS-NMR spectra, obtained from various reversed phases??
as well as by comparison with the shift data of the soluble silane H3;CO-8i(CH),—
(CH;)1,CH3. The latter were assigned by the use of fully coupled spectra and by the
differences in relaxation times between C;-C;y and C,-C,,, respectively?s. These
data agree also with reported shift values?s,

In octadecyl phases, the relaxation time 7'y of the signal at 30 ppm represents
the average mobility of the alkyl chain, namely of C4—C,s. The relaxation of C,, C,,
C,; and Cyg, the dynamic behaviour of which differs from that of the intermediate
main part of the alkyl chain, makes no contributions to this 7 value, since they
absorb at a higher field. The T; value of LAB II (carbon content 8.32%) in
[Hs]acetonitrile was 0.48 s; after endcapping (carbon content increases to 10.83%),
0.29 s (Fig. 3). Thus, the process of endcapping reduces drastically the mobility of
the alkyl chains. In all cases, mobility of the terminal carbon atoms C;5 and Cy5 is
greater than the average mobility of C4~C, s, as can be seen by comparing zero tran-
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Fig. 3. Inversion recovery spectra (22.63 MHz) of the suspension of phase LLAB II endcapped in
[2H3)acetonitrile.
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Fig. 4. Inversion recovery spectra (22.63 MHz) of the suspension of phase LAB I in [*Ha)acetonitrile.

sition of the signals at 30 ppm (C4—C;5), 17 ppm (Cy-) and 15 ppm (C,g). Fig. 4
shows relaxation time measurement of LAB I in [2H]acetonitrile.

Despite the higher carbon content of LAB I (12.53% C), T, of this phase in
[2H;]acetonitrile-[2H]water (70:30, Table 1) is higher than that of endcapped LAB
IT (0.35 and 0.29 s, respectively), corresponding to lower mobility. Therefore, we
conclude that a lower mobility of the alkyl chains and a more rigid conformation is
not merely dependent on the bulk carbon content. Also, a reaction of the silanol
groups with the short trimethylsilyl chains causes a lower mobility of the long oc-
tadecylsilyl chains. It could be concluded that the characterization of reversed phases
by the carbon content is too simple if endcapped and non-endcapped materials are

TABLE I

SPIN LATTICE RELAXATION TIMES, 7,, OF THE ALKYL CHAIN OF LABI, LABII AND LAB
I1 ENDCAPPED IN [?H;JACETONITRILE AND [*H;]JACETONITRILE-{>H,]WATER (70:30)

LABIT LAB I Endcapped
LABIT
Carbon content 8.32% C 12.53% C 10.83% C
Functionalized silanol groups 0.35 mmol 0.52 mmol 1.04 mmol
T, values, 100% [*H;]acetonitrile 048 s 0.35s 0.29s

Ty values, [2HjJacetonitrile-{2H,}water (70:30) 0.46 s 0.34s 0.28 s
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TABLE I

SPIN LATTICE RELAXATION TIMES, T, OF THE ALKYL CHAIN OF LAB I IN DIFFERENT
SOLVENTS

Solvent Ty value (s)
100% [*H;]Acetonitrile 0.35
[2Hs)Acetonitrile{2H,]water (70:30) 0.34
[2H3]Acetonitrile{>H lwater (50:50) 0.32
[2H;]Acetonitrile{2H}water (10:90) 0.29

compared. The mobility of the alkyl chain is dependent upon the degree of func-
tionalization of the silanol groups. However, it can be seen from Table I that the
molarity of functionalization corresponds nicely with increasing mobility.

In order to investigate the influence of different solvents on the dynamic be-
haviour of the alkyl chains, we measured spin lattice relaxation times in mixtures of
[2H;lacetonitrile and [2H,]water. In all cases, and independent of the degree of func-
tionalization, T'; decreases with increasing water content of the mobile phase (Table
II), indicating that water reduces the mobility of the alkyl chains on the silica surface.
Thus, the chains become more rigid and spin lattice relaxation times decrease.

HPLC experiments

In order to test the chromatographic properties of stationary phases, the test
mixture of solutes should fulfil several requirements. According to solvophobic
theory, the interaction between non-polar hydrocarbonaceous ligands and solute
molecules should increase with increasing contact area. We have taken four homolo-
gous alkylbenzenes (toluene, ethylbenzene, n-propylbenzene and n-butylbenzene), the
retention times of which should be an indication of the non-polar surface area of the
stationary phase. On the other hand, polar solutes show the so-called silanophilic
interactions between the polar groups of the sample molecules and accessible silanol
groups at the stationary phase surface?5. A stationary phase with a high accessible
silanol concentration should show strong interaction with the polar moiety of the
solute molecule and therefore result in a higher retention in comparison to a phase
with a low accessible silanol concentration. Four polar components which can be
derived from toluene (benzamide, benzylalcohol, benzaldehyde, methylbenzoate)
were chosen. Absolute retention and the range of retention of these four polar solutes
give chromatographic information about the influence of silanol groups. Test chro-
matograms obtained with this test mixture on phases LAB II, LAB I and LAB I1
(endcapped) are shown in Figs. 5-7.

In Table III, the important chromatographic data and some stationary phase
characteristics are summarized. The stationary phases are arranged according to in-
creasing k'’ values for the alkylbenzenes, which does not necessarily correspond with
the carbon content of the stationary phases, but with the degree of functionalization
of silanol groups.

The k' values of the alkylbenzenes range from 1.31 to 2.69 on the non-end-
capped phase LAB II with 8.32% C, from 1.91 to 3.92 on phase LAB I with 12.53%
C, and from 2.24 to 5.18 on the endcapped phase LAB II with 10.83% C. The relative
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TABLE III
k' VALUES OF HOME-MADE PHASES LAB II, LAB I AND ENDCAPPED LAB II

Solute Non-endcapped Non-endcapped Endcapped
LAB I LAB T LABII
(8.32% C (12.53% C (10.83% C
= 0.35 mmol ODS) = 0.52 mmol ODS) = 1.04 mmol ODS)
k' o k’ o k' o
Benzamide 0.69 0.63 0.56
1.16 1.27 1.41
Benzylalcohol 0.80 0.80 0.79
1.36 1.46 1.52
Benzaldehyde 1.08 1.16 1.20
1.21 1.28 1.29
Methylbenzoate 1.31 1.48 1.55
1.18 1.29 1.44
Toluene 1.54 1.91 224
1.17 1.23 1.28
Ethylbenzene 1.80 2.34 2.86
1.22 1.29 1.34
n-Propylbenzene 2.19 3.02 3.84
1.23 1.30 1.35
n-Butylbenzene 2.69 3.42 5.18
A H
cD
B
G
F
E

0 5 10 15 20min
Fig. 5. Test chromatogram on reversed-phase LAB II, non-endcapped. Conditions: column, 250 x 4.6
mm L.D.; mobile phase, acetonitrile-water (70:30); flow-rate, 1.0 ml/min; detection, UV 254 nm; solutes:
(A) methylbenzoate, (B) benzylalcohol, (C) benzaldehyde, (D) methylbenzoate, (E) toluene, (F) ethylben-
zene, (G) n-propylbenzene, (H) n-butylbenzene.

retention times («) of ethylbenzene to toluene on these phases are 1.17, 1.22 and 1.28,
respectively. For the n-propylbenzene—ethylbenzene pair, o values of 1.22, 1.29 and
1.34 are found; the corresponding values for the n-butylbenzene-n-propylbenzene
pair are 1.23, 1.30 and 1.35.
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Fig. 6. Test chromatogram on reversed-phase LAB I, non-endcapped. Conditions and abbreviations same
as in Fig. 5.

Fig. 7. Test chromatogram on reversed-phase LAB II, endcapped. Conditions and abbreviations same as
in Fig. 5.

The fact that the « values of the homologous pairs of alkylbenzenes is the same
for each phase and also that the differences in selectivity of each solute pair are
identical for all phases, thus indicates a separation mechanism according to solvo-
phobic interaction.

Retention and selectivity of the polar solutes are influenced by both hydro-
phobic and silanophilic interactions. The effect of reducing the silanophilic interac-
tion by endcapping is evident upon comparison of the endcapped phase LAB II with
the two others. The retention of the most polar solute (benzamide) is reduced on the
endcapped LAB II. For the same reason, k' values for benzamide depend on the
carbon content of non-endcapped phases. Retention decreases when carbon content,
and therefore in this case surface concentration of alkyl chains, increases (see LAB
II with 8.32% C vs. LAB I with 12.53% C). The k' value of benzylalcohol is the
same for all stationary phases because the reduction of silanol groups is compensated
by an increasing hydrophobic surface area. Retention of the benzaldehyde and meth-
ylbenzoate seems to be governed by the same hydrophobic interactions as the alkyl-
benzenes.

Correlation of HPLC experiments and NMR measurements

As discussed above, retention of all solutes, except the most polar (benzamide),
is governed by their hydrophobic interaction with the alkyl chains of the stationary
phase. Therefore, one would expect an increase of retention with an increase of the
accessibel hydrophobic compartment. However, in spite of the higher carbon content
(and therefore more alkyl chains bound to the silica surface) of LAB I compared to
endcapped LAB II, retention on endcapped LAB II is higher than on LAB 1. This
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TABLE IV
&’ VALUES OF SOME PHENYLALKANES, OBTAINED WITH DIFFERENT ACETONITRILE-
WATER MIXTURES

Stationary phase, LAB I; flow-rate, 1 ml/min.

Solute Amount acetonitrile in mixture (%)

100 70 30 30
Toluene 0.75 1.91 3.50 13.6
Ethylbenzene 0.75 2.34 4.67 238
n-Propylbenzene 0.81 3.02 6.46 >30
n-Butylbenzene 0.96 3.42 9.02 >30

means that the accessible hydrophobic compartment increases from LAB I to end-
capped LAB II and is the reason for the difference in mobility of the hydrocarbon-
aceous ligands of both phases. The mobility of bonded ligands is a function of surface
coverage, since the available space of a single chain decreases with increasing cov-
erage (see LAB II vs. LAB I). Endcapping also decreases mobility, because the tri-
methylsilyl groups favour a more rigid conformation of the carbon atoms near the
silica surface, the concentration of silanol groups is reduced and therefore the hy-
drophobic compartment of the stationary phase is increased.

- There is a distinguished correlation between the mobility of the alkyl chains
and the retention. Higher mobility, corresponding to more extented conformation,
results in lower k' values (Table III). Low mobility, corresponding to a more col-
lapsed conformation, correlates with larger &k’ values. Therefore, the measurement
of T, values seems to be a reasonable parameter to characterize the hydrophobicity
of bonded phases. This is important for evaluation of commercial stationary phases
usually differing in surface coverage and number of endcapped silanol groups. The
mobility of the alkyl chains would be a more meaningful parameter than carbon
content to allow for prediction of retention behaviour.

Retention and selectivity also depend upon the interaction of the mobile with
the stationary phase, as is exemplified by measurements on phase LAB I. A significant
reduction of T from 0.35 to 0.29 s is found when the solvent is changed from pure
acetonitrile to 10% acetonitrile in water (see Table IT). With increasing water content
in the mobile phase, an increase in retention time is observed. This can be explained
by a more hydrophobic compartment in the stationary phase.

In a mobile phase with a high water content, there is only a small number of
acetonitrile molecules at the interface of mobile and stationary phases. By hydro-
phobic interaction, the alkyl chains tend to aggregate and, in the NMR experiments,
this is measured as a reduced mobility. For the same reason, the absorption of a
solute molecule is, at high water content, much stronger and retention time increases.
In Table IV, &’ values of some phenylalkanes are listed for several acetonitrile-water
mixtures. The increase of the &’ values is reciprocal to the decrease of the spin lattice
relaxation times of the alkyl chains in Table II.

From our measurements, it is apparent that the formerly proposed “brush-
model” for covalently bound alkyl chains on silica surfaces is a rather crude model.
The alkyl chain is not a fixed unit “stick2* but rather a flexible chain, one end of
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Fig. 8. Conformations of endcapped octadecyl reversed-phase material.

which is bound to the silica surface?”-2%, The momentary conformation is dependent

not only upon the degree of functionalization of silanol groups but also upon solvent
composition.

CONCLUSION

According to our results, the alkyl chains on the silica surface of a reversed
phase under conditions typical for chromatographic separations assume different
conformations, depending upon interaction with themselves, with the neighbouring
chains, the trimethylsilyl groups, the mobile phase and the solutes (Fig. 8). With
increasing polarity of the mobile phase or surface coverage of the silica gel, the alkyl
chains assume a more rigid conformation, resulting in greater retention of more
hydrophobic compounds. However, the increase of the more rigid conformation does
not occur in distinctive steps, but rather continuously. Therefore, retention behaviour
and NMR relaxation times do not increase step-wise, but rather continuous.
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