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Alkyl chain bonded ‘‘reversed’” HPLC phases consisting of 6 to 30 carbon atoms are investigated
by fluorescence spectroscopy, steady-state and time-resolved fluorescence anisotropy, and solid-
state NMR spectroscopy. The structure and dynamics of the interphase formed by alkyl chains and
liquid phase penetrating each other are studied as a function of alkyl chain length. Increasing alkyl
chain lengths lead to enhanced partitioning of the fluorescent probe diphenylhexatriene (DPH) into
the interphase, as monitored by fluorescence decay curves. The concomitant spectral red shift of
DPH fluorescence excitation maxima is evidence of increased interphase polarizability. Time-re-
solved fluorescence anisotropy measurements reveal that the motion of the probe molecule in the
interphase is ‘‘wobble in cone’’-like. Cone angles 8 and rotational correlation times T, change
from 6 = 63° and 1, = 0.75 ns in C, phases to 6 = 42° and 1, = 1.50 ns in C,, phases, thus
indicating decreasing probe mobility with increasing ligand length. This interpretation is supported
by BC CP/MAS NMR spectra, which show reduced contributions of alky! chain gauche confor-
mations, i.e., enhanced interphase order, in phases with long alkyl chains and high surface coverage.
A concomitant increase in the line-widths of 'H MAS NMR peaks indicates reduced mobility of
the longer chains. The spectroscopic observations are consistent with the results of HPLC sepa-
rations, where enhanced shape selectivity is found with increasing ligand length, rod-shaped mol-
ecules like DPH showing the greatest increase in retention time.

KEY WORDS: HPLC stationary phases; ligand length; solid-state NMR spectroscopy; time resolved fluores-
cence anisotropy.

come popular. In terms of the “‘slot”> model, deeper slots
are responsible for the enhanced shape selectivity of

Octadecyl (C,,) bonded silica gel is the standard
material in HPLC for the separation of polycyclic aro-
matic hydrocarbons (PAHs). Since it has been realized
that selectivity increases with alkyl phase length, !~ also
phases with longer ligands, up to C,, and C,,, have be-
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longer alkyl chain phases.® However, also negative ef-
fects, e.g., reduced mass transfer rates, are observed with
increasing thickness of the bonded phase.* Optimization
of chromatographic materials thus requires an under-
standing of the influence of ligand chain length on the
structure and dynamics of the bonded phase on a mo-
lecular level.

A variety of chromatographic and spectroscopic
methods has been applied to study the effect of ligand
chain length on selectivity. Solid-state NMR investiga-
tions have shown that the conformational order and mo-

1053-0509/97/1200-0311$12.50/0 © 1997 Plenum Publishing Corporation



312

bility of bonded alkyl phases is strongly chain length
dependent.>” Fluorescence quenching experiments have
shown that protection of the sorbed fluorescence probe
from the quencher increases with alkyl chain length.®
Pyrene excimer formation has been used to determine
the microviscosity in C,, C,, and C,4 layers.” Chain-
length dependent microviscosities have also been found
by time-resolved fluorescence anisotropy measurements
on alkyl bonded planar silica surfaces, using the TIRF
technique.!'” This method has also been applied to in-
vestigate the orientation of the solute in the bonded
phase.'V However, caution should be used in extrapo-
lating results obtained from TIRF studies on planar sur-
faces to porous particles, as the former show a higher
degree of chain ordering and hence less absorption of
mobile phase.('®

In this work, the selectivity, structure and dynamics
of alkyl chain bonded chromatographic phases with 6 to
30 carbon atoms (Fig. 1) are studied as a function of
alkyl chain length. Solid-state NMR spectroscopy is
used to determine the conformation and mobility of the
bonded phase. A well characterized fluorescent probe,'®
diphenylhexatriene (DPH), is added to the liquid phase,
in order to study the effect of ligand chain length on
solute—alkyl phase interaction. Steady-state and time-re-
solved fluorescence anisotropy measurements are
employed to investigate the mobility of DPH sorbed in
the bonded phase. Fluorescence spectra and fluorescence
lifetime measurements serve to determine the fraction of
solute partitioning into the alkyl phase. The spectro-
scopic data are compared to the results of HPLC sepa-
rations.

EXPERIMENTAL

Materials

C,, Ci;, and C,, monomeric phases on Lichrospher
(Si 100, 5-um silica; Merck, Darmstadt, Germany) were
synthesized according to procedures described previ-
ously.t41

The ligand density of all three phases was in the
range of 4.0-4.7 umol - m2,

Fluorescence and Absorption Measurements

All fluorescence measurements were carried out on
suspensions, which were prepared by adding 4 mg of
reversed phase to 1077 M solutions of DPH in 3.0 ml of
acetonitrile (UVASOL, Merck)/water mixture (1:2, v/v).
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At this silica concentration no fluorescence depolariza-
tion by multiple scattering was observed. The suspen-
sions were agitated with a magnetic stirrer to prevent
sedimentation. Steady-state fluorescence spectra and flu-
orescence anisotropy spectra were recorded on a SPEX
222 fluorometer equipped with Glan-Thompson polar-
izers.

Fluorescence decay curves were obtained on a
SPEX 112 fluorometer applying the single-photon
counting technique. A thyratron-controlled nanosecond
flashlamp was used as light source. Time-resolved ani-
sotropy decay curves were obtained at the Center for
Fluorescence Spectroscopy in Baltimore, MD, by single-
photon counting. As excitation source a cavity-dumped,
frequency-doubled pyridine 1 laser was used (A, = 360
nm, fwhm = 7 ps). A microchannel plate photomulti-
plier (Hamamatsu R2809) provided an instrument re-
sponse of approximately 60 ps.

Fluorescence lifetimes were obtained from a single
or double exponential analysis of the fluorescence decay
curves, (1),

1) = 24, exp(~t/,) (1)

where T, represents the decay time of the ith component
and A, its amplitude.
Anisotropy decay curves r(f) were obtained from

H1) = D(t)IS(t) )

where D(¢) = [, (1) — g L, (f)and S(t) = 1, (1) + 2g
« I, (f). The scaling factor g = [/, /I,, was determined
for each experiment. /,,, 1, 1, and 1, stand for the
observed fluorescence intensities, where the first and
second indices indicate the positions (v = vertical, h =
horizontal) of polarizer and analyzer, respectively.

In the case of a single fluorescing species, the decay
of the fluorescence anisotropy, #(¢), after a short laser

pulse is exponential,'®
He) = (r —

where r, is the anisotropy at + = 0, 1, is the rotation
correlation time, and r, is the residual anisotropy for ¢
— oo, For unrestricted motion, ». = 0. If the diffusional
motion of the fluorophore is restricted to a solid cone
(““wobble-in-cone’’; see Fig. 1),

rw) . g UR) 4 v, (3)

Vs
— = [0.5 - cosB(cos® + 1)]? 4)
Fo
where 6 is the half-cone angle as defined in Fig. 1.
If several fluorescing species, i, are present, with
different rotation correlation times, Ty, and different flu-
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Fig. 1. Schematic representation of the studied systems. C,, C,4, and
C,, denote silica bonded hexyl, octadecyl, and triacontyl chains, re-
spectively. For the sake of clarity, alkyl chains are shown as fully
extended. The mobile phase is an acetonitrile/water mixture (2:1, v/v).
The probe molecule, diphenylhexatriene (DPH), performs a wobble-
like motion in a cone defined by the half-cone angle 8, which is de-
termined by the size of the interstices between the alkyl phases.

Table I. Fluorescence Lifetimes, 1, and Quantum Yields, &, of
DPH in Different Deaerated Solvents

Solvent Te (nS) o,
n-Hexane* 159 0.62
n-Decane® 14.0 0.68
Ethanol¢ 5.6 0.26
Acetonitrile® 4.1 0.17
Acetonitrile/water (1:2) 1.2 0.04

2 From Ref. 17.

orescence lifetimes, 7¢,, the decay is described by Eq.

(5):
2hi0) * rit)
t' — !
AU VA

ZAI » e WD . [(ro,l - rx,i) ce R+ rx,f]

| ZAi e WED ©)

i

Solid-State NMR Measurements

BC and 'H solid-state NMR spectra were obtained
on a Bruker ASX 300 NMR spectrometer at 7.1 T. For
'"H-MAS-NMR measurements the samples were packed
into double-bearing 4-mm rotors, which were spun at 14
kHz by dry air gas drive; the recycle delay was 4 s and
the 90° pulse length was 4.4 ps. “*C-CP/MAS-NMR
measurements were catried out with 7-mm rotors {proton
90° pulse length: 4.4 us). The contact time was 6 ms,
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Table IL. Fluorescence Lifetimes, 7,, and Amplitudes, 4, Obtained
from a Biexponential Analysis of the Fluorescence Decay Traces
Observed for DPH in Suspensions of C,, C,,, and C,, HPLC Phases
in Acetonitrile/Water Mixtures®

Phase T (ns) A x a
Cs
Stationary 34 0.24 0.19 110
Mobile 0.7 0.76 0.81
CIH
Stationary 6.1 0.52 0.53 510
Mobile 09 0.48 0.47
Cso
Stationary 6.4 0.56 0.56 570
Mobile 1.0 0.44 0.44

« Stationary: DPH sorbed in the atkyl phase. Mobile: DPH dissolved
in the mobile phase. x is the molar fraction of DPH in the respective
phase. a = ¢, /Cnq 18 the corresponding partition coefficient between
the stationary and the mobile phase, inserting p = 0.6 g+ cm™3 for
the skeletal density of silica gel.

the recycle delay was | s, and the spinning speed was
4.0 kHz.

RESULTS AND DISCUSSION

DPH was chosen as fluorescent probe because it
combines several useful properties. It is a well-charac-
terized probe for fluorescence anisotropy investigations
in lipophilic media, mostly in the determination of mi-
croviscosities of biological membranes.'® Also, the pho-
tophysical properties of DPH are strongly dependent on
its local environment,'” which enables us to distinguish
between DPH dissolved in the mobile phase and DPH
sorbed in the alkyl phase, respectively. The absorption
spectrum undergoes a red shift with increasing polariz-
ability of the environment. Radiative decay rates rise
with increasing solvent polarizability and nonradiative
decay rates grow with increasing solvent polarity.(”
Thus fluorescence lifetimes and quantum yields in ace-
tonitrile and in acetonitrile/water mixtures are consider-
ably lower than in alcohols or in alkanes, as illustrated
by the data given in Table I for DPH in different solu-
tions.

Fluorescence decay curves of DPH in suspensions
of the HPLC phases in acetonitrile/water mixtures can
be fitted with two exponentials (Table II). The shorter-
lived component has a lifetime of 7. = 1 ns, which is
close to the value observed in acetonitrile/water mixtures
and is, therefore, assigned to molecules solvated by the
mobile phase. The longer-lived component varies from
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Fig. 2. Spectral positions of the absorption maxima of DPH vs the
polarizability of its microenvironment, given by the Onsager function.
Circles: DPH in bulk solutions. Filled circles represent hydrocarbons
(1, hexane; 2, heptane; 3, octane; 4, decane; 5, cyclohexane; 6, tolu-
ene). Open circles represent nonhydrocarbons (1, methanol; 2, aceto-
nitrile; 3, acetonitrile/water; 4, ethanol; S, isopropanol; 6, chloroform).
The dashed line is a linear regression to all data points obtained in
solution. Bars represent the absorption maxima found for DPH in sus-
pensions of C,, C4, and C;, phases in acetonitrile/water mixtures (1:
2, v/v). The width of the bars corresponds to the uncertainty of the
corresponding interphase polarizabilities.
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Fig. 3. Properties of the probe molecule, DPH, as a function of ligand
chain length. Left: Partition coefficient a = ¢, /¢, Where ¢, and
Cmow are the concentrations of DPH in the stationary and mobile phase,
respectively. Middle: Rotation correlation time, 7, of DPH sorbed in
the interphase. Right: Residual anisotropy, r., of DPH sorbed in the
interphase.

T = 3.4 ns for C, to 7. = 6.4 ns for C,,. In C,, phases
no oxygen quenching effect on the long component life-
time was measurable at atmospheric oxygen partial pres-
sure. These lifetimes are considerably longer than the
lifetime of DPH in the mobile phase and are therefore
ascribed to molecules which are totally or partially im-
mersed in the interphase formed by the alkyl chains and
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the wetting component of the solvent mixture, i.e., ace-
tonitrile. With no reliable fluorescence quantum yields
at hand, it cannot be decided unambiguously whether the
increase in the fluorescence lifetime of DPH upon its
sorption in the interphase is caused mainly by polarity
or polarizability effects. However, it seems a sound as-
sumption that the fluorescence lifetimes are affected by
both the polarity and the polarizability of the alkyl
phase. On one hand, it has long been known that the
polarity of the interphase changes with the alkyl chain
length,!'21® being close to that of bulk 1-octanol in the
case of C,, phases.(" On the other hand, the spectral red
shift of the fluorescence excitation spectra of DPH with
increasing chain length shows that the polarizability also
increases (Fig. 2). At this point it should be noted that
dimer formation of DPH in the interphase can not be
excluded as a possible reason for the observed red shift
of the excitation spectra. However, the increase in both
fluorescence life-times and fluorescence anisotropy de-
cay times (see below) upon sorption of DPH in the alkyl
phase leads us to assume that the extent of dimer for-
mation is negligible. This assumption is supported by
investigations of DPH bound covalently to polystyrene
microbeads via polyethyleneglycol spacers at local con-
centrations very similar to those in the present alkyl
phases. In the microbeads, aggregation of DPH occurred
when no solvent was present, but vanished upon addition
of solvent, e.g., acetonitrile. Whereas the polarizability
in C, is not much different from that of the mobile
phase, the polarizability of the C,, phase exceeds that of
bulk decane significantly. Several effects contribute to
the increase in polarizability with growing alkyl chain
length. The density of highly polarizable organic mate-
rial on the silica surface increases. As a result of the
growing thickness of the bonded phase, the distance of
sorbed probe molecules from both the silica surface and
the mobile phase increases. As shown below, with in-
creasing alkyl chain length, also lesser amounts of the
highly polar solvent are sorbed in the interphase, thus
further increasing the concentration of highly polarizable
organic material in the immediate proximity of the probe
molecules.

The molar fractions, x,,,, of DPH sorbed in the in-
terphase are calculated from the areas under the station-
ary and mobile components of the fluorescence decay
traces, Aym * Trsaw aNd Ay * Tene and the respective
fluorescence quantum yields,

Dp e and Dy
Asm\ ) TF.s\a‘ : (DF,mub

Xt = (6)
Amob : TF.mob * (I)F.stm
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Fig. 4. Fluorescence anisotropy decay traces of DPH in suspensions
of C,, C,;, and C,, phases in acetonitrile/water mixtures (1:2, v/v).
Points represent experimental data; dashed lines are the corresponding
fits to Eq. (5).

Table IIL Rotation Correlation Times, 7., Residual Anisotropies, #.,
and Half-Cone Angles, 6, of DPH in Suspensions of C,, C 4, and C,,
HPLC Phases in Acetonitrile/Water Mixtures as Obtained from the
Analysis of the Fluorescence Anisotropy Decay Traces According

to Eq. (5)
Phase Tp (n8) o 0 (deg)
G
Stationary 0.75 0.035 63
Mobile 0.18
Cl8
Stationary 1.20 0.065 S3
Mobile 0.18
&
Stationary 1.50 0.13 42
Mobile 0.18

As the quantum yields are not exactly known for sorbed
DPH, an approximate value of @, = (.26, corresponding
to the value in ethanol is inserted. The results collected
in Table II and illustrated in Fig. 3 show that the fraction
of DPH partitioning into the alkyl phase increases with
increasing chain length of the bonded phase, which is in
agreement with the enhanced lipophilic character of the
interphase with increasing alkyl chain length as evi-
denced by the polarizability data given above and the
concomitantly growing volume of the interphase.©2!22
The time-resolved fluorescence anisotropy decay
traces of DPH in three HPLC phases (Fig. 4) show con-
tributions from two major components. These compo-
nents are again assigned to DPH in the mobile and in
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the stationary phase. Fits of the traces to Eq. (5), in-
serting the fluorescence lifetimes and amplitudes of the
two species obtained from the analysis of the fluores-
cence decay curves (Table II), render the rotation cor-
relation times given in Table 1II and Fig. 3.

For DPH in the mobile phase the fluorescence an-
isotropy decays exponentially, with a rotation correlation
time of T, = 0.18 ns. No residual anisotropy for t — ©
is observed, as expected for molecules with unrestricted
rotational mobility. DPH sorbed in the alkyl phase
shows correlation times T, > 1 ns, indicating increased
microviscosity inside the bonded phase. Concomitantly,
residual anisotropies for infinitely long times are ob-
served, which means that not all degrees of freedom are
available for the rotational motion of the probe molecule
in the interphase. In terms of the ‘‘wobble-in-cone’
model,?» the motion is restricted to a cone, whose angle
can be calculated from the residual anisotropy according
to Eq. (4). Obviously DPH, due to its nonpolar nature,
is forced in between the bonded alky! chains by the ex-
tremely polar solvent, even in the case of the shortest
bonded phase, C,. Owing to its rod-like shape, DPH is
able to enter the interphase even if the alkyl chains are
not fully extended, as is probably the case under the
conditions used in our experiments. Both correlation
time and residual anisotropy rise with increasing bonded
phase chain length (Fig. 3). This is evidence that the
microviscosity inside the alkyl phase increases and the
cone angle decreases with growing chain length (Table
I0).

Solid-state NMR spectroscopy provides informa-
tion about the order and mobility of the bonded alkyl
chains themselves and thus helps us to understand the
chain-length dependence of the microenvironment and
of the mobility of DPH in the alkyl bonded phases. Fig-
ure 5 shows the methylene group signal in the 'H-MAS
NMR spectra of C,; and C,, chromatographic phases.
Increasing line width indicates decreasing mobility with
growing chain length. Concomitantly, the contribution
of trans conformations increases with growing chain
length, thus indicating enhanced order of the alkyl
chains. This conclusion is drawn from the different ratios
of the trans and gauche peaks of the (CH,), main chain
signal at 32.6 and 30.0 ppm, respectively, in the *C CP/
MAS NMR spectra of C,, and C,, phases (Fig. 6).

CONCLUSION

As revealed by solid-state NMR spectroscopy, the
alkyl chains of bonded phases become less mobile and
more extended with increasing ligand chain length, due
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Fig. 5. '"H MAS NMR spectra of dry C,; and C,, phases, showing the
peak corresponding to the (CH,), groups.
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Fig. 6. “C CP/MAS NMR spectra of dry C,, and C,, phases, showing
the (CH,), peaks at 8 = 30.0 ppm and & = 32.6 ppm corresponding
to the gauche and trans conformations of the alkyl chains, respectively.

to increasing van der Waals interactions between the
chains. Thereby the number and size of interstices in the
bonded phase are reduced for longer chains. Thus shape
selectivity in HPLC separations is enhanced in favor of
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rod-shaped molecules which are able to penetrate be-
tween the highly ordered chains. Concomitantly, the mo-
bility of those solute molecules within the bonded phase
is increasingly restricted with growing chain length, as
evidenced by fluorescence anisotropy data. The spectral
red shift of the fluorescence excitation spectra of DPH
is indicative of greater polarizability in phases with
longer ligand chains, which is due to the higher carbon
density and the smaller fraction of sorbed solvent.
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