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Remarkably large rotational diffusion rates have been determined for silica-attached 1-pyrene at the solid/air
interface through time-dependent fluorescence anisotropy measurements. Diffusion ratesD| and D⊥ were
determined to be 4× 106 and 2× 106 s-1, respectively, by treating the motion of the attached moiety as an
oblate ellipsoid of rotation.13C NMR measurements on solid, silica-attached benzene-1-13C, acquired using
conventional solution NMR methods, gave remarkable, high-resolution spectra. A lower limit for the rate of
phenyl group motion was estimated to be 1.5× 105 s-1, consistent with the fluorescence anisotropy data
measured for silica-attached 1-pyrene. Molecular mechanics models for phenyl attached to representative
silanol surfaces predict rotational barriers for phenyl rotations in the 2-5 kcal/mol range.

Introduction

The rotational and translational dynamics for molecules
confined to surfaces by physical adsorption or chemical attach-
ment play an important role in many chemical reactions and
physical processes occurring at interfaces. Our research has been
exploring the impact of restricted diffusion on the kinetics and
mechanisms of free radical and ionic reactions occurring during
the pyrolysis of organic molecules that are covalently im-
mobilized on the surface of nonporous, fumed silica nanopar-
ticles through a thermally robust Si-O-Caryl linkage.1 The
molecules are chosen to mimic related structures present in
organic energy resources such as coal and biomass, where
restricted diffusion imposed by the cross-linked, macromolecular
structure is known to impact thermochemical processing of these
materials.1a

We have also examined two-component systems in which a
probe molecule (e.g., 1,3-diphenylpropane, DPP) was diluted
on the surface with spacer molecules either containing benzylic
hydrogens (e.g., diphenylmethane) that can be donated to free
radical intermediates generated during pyrolysis of the probe
molecule or that do not contain donatable hydrogens (e.g.,
biphenyl).2 A remarkable 20-fold acceleration in the DPP
pyrolysis rate at 375°C was observed for the diphenylmethane
spacer molecule relative to the biphenyl spacer, which is not
observed in corresponding fluid-phase studies. The results of
detailed kinetic investigations, including isotopic studies with
deuterated diphenylmethane, led us to propose a process
involving fast serial hydrogen transfer steps on the surface
containing the diphenylmethane spacer, which resulted in a
radical relay mechanism not involving physical diffusion. This
suggested that with hydrogen donor spacer molecules containing
more rigid structures, e.g., hydroaromatics such as fluorene, the
rate of the bimolecular hydrogen transfer process on the surface

could be sensitive to the orientation of the donor molecule. Our
preliminary studies of the pyrolysis of DPP in the presence of
fluorene spacer molecules attached at either the 2- or 3-positions
indicate a ca. 2.3-fold rate increase at 375°C for the fluorene
attached to the surface at the 2-position, indicating that this
isomer can attain a more favorable geometry for the critical
hydrogen transfer steps.3

The research discussed here is of significance in gaining a
deeper understanding of the molecular motion of surface-
attached aromatic molecules under constrained lateral surface
diffusion. Rotational diffusion of the surface-attached moieties
constitutes the fundamental process involved in establishing
hydrogen atom transfer by a radical relay mechanism on the
surface. In the current work, we use silica-attached pyrene and
13C-labeled benzene as probe molecules and time-resolved
fluorescence anisotropy,13C NMR spectroscopy, and molecular
modeling to gain new insights into the rotational dynamics of
surface-immobilized aromatic moieties.

Materials and Methods

Benzene (Aldrich Chemical Co.) was distilled from sodium
prior to use. 1-Hydroxypyrene (Molecular Probes) and phenol-
1-13C (98 atom %13C, Icon Services Inc.) were used as received.
Fumed silica (Cabosil M-5, Cabot Corp., 200( 25 m2 g-1,
N2-BET) was oven dried at 120°C for 12 h prior to use.

1-Hydroxypyrene or phenol-1-13C was chemically attached
to the surface of fumed silica by a previously described
procedure.4 Generally, a benzene solution of the 1-hydroxy-
pyrene (hexane:CH2Cl2 3:1 for phenol-1-13C) was slurried with
the dry silica at room temperature and the solvent was removed
under vacuum to leave a free-flowing solid. The sample was
thoroughly degassed (evacuated at 5× 10-5 Torr) and sealed
in a glass ampule prior to the attachment reaction. The
attachment reaction was performed by heating the coated silica
sample at 225°C for 1 h in afluidized sand bath. After surface
attachment of the 1-hydroxypyrene or phenol-1-13C, the sealed
ampule was opened and the silica was washed to remove any
phenol that failed to attach. A weighed aliquot of the sample
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was digested in 1 M NaOH, acidified, extracted with CH2Cl2,
and analyzed by gas chromatography (GC) with an internal
standard to determine the surface coverage of the aryl moieties.
The recovered phenol was derivatized by silylation withN,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) in pyridine for
the GC analysis.

Steady-state fluorescence spectroscopy was performed on
solid samples that had been placed in a 1 mmcell, outgassed,
and sealed under vacuum. Measurements were conducted on a
Spex Fluorolog-2 spectrophotometer equipped with a 450 W
Xe lamp and double monochromators on both the excitation
and emission sides of the sample compartment. Steady-state
fluorescence was collected from the front face of the sample.
Steady-state fluorescence polarization measurements were col-
lected using two Glan-Thompson polarizers to adjust the
excitation and emission polarization, as previously reported.5

Time-resolved anisotropy measurements were conducted by
exciting the solid sample with a nitrogen laser (337 nm, 120µJ
per pulse, 4-6 ns pulse width; Laser Science model VSL-
337LRF). Excitation was polarized through a Glan-Thompson
polarizer prism, and the emission was collected with two lenses
and passed through a Glan-Thompson polarizer. Signal collec-
tion and digitization is described elsewhere.5

Light scattering from the silica surface was shown to have
minimal effect on the signal intensity or signal-to-noise ratio
of the anisotropy data, and no correction for light scattering
was necessary, as previously reported.5 The time-dependent
anisotropy profile was generated from the time-dependent
fluorescence according to6

In eq 1, IVV(t) and IVH(t) are the time-dependent fluorescence
decay profiles observed with the polarization parallel and
perpendicular to the direction of the excitation polarization
(vertical). The termG is a correction factor required to account
for variations in the sensitivity of the detector to vertically and
horizontally polarized light. The correction factorG is deter-
mined by

IHV(t) andIHH(t) are the emission intensities from horizontally
polarized excitation monitored with vertical and horizontal
polarization, respectively. The denominator of eq 1 represents
the total emission.

The anisotropy decay, as calculated from eq 1, was treated
theoretically as the anisotropy decay of an oblate ellipsoid of
revolution.6 Oblate ellipsoids (having a unique axis of rotation
that is shorter than two other equivalent axes) are expected to
display three correlation times (θi), as expressed in

In an oblate ellipsoid, the rate of rotation about the unique axis
is designated asD| and the rate of rotation about the other two
equivalent axes are designated asD⊥. In 1-hydroxypyrene, the
unique axis is perpendicular to the plane of the molecule, Figure
1. The absorption (A) and emission (E) transition moments lie
in the plane of the molecule and are perpendicular to the unique
axis. BecauseA and E lie in the plane of the molecule, the
angle betweenA andE, â, is equivalent to the angle between
the projections ofA andE onto the plane of the molecule,ê;

see Figure 1. The amplitude,ri, of each component in eq 3
depends on the angles thatA andE make with the unique axis
(âA andâE, respectively). In the case of 1-hydroxypyrene,âA

and âE are both 90°, which leads to a simplified double
exponential anisotropy decay expression, as given in6

Equation 4 can be fitted to the fluorescence anisotropy decay
to obtain values forD|, D⊥, andê, or the correlation times and
amplitudes can be determined directly by fitting the anisotropy
decay to eq 3. We chose to obtainD|, D⊥, andê from fitting
the anisotropy decay to eq 4.

NMR measurements on silica-attached benzene-1-13C were
performed on a Bruker Avance 400 MHz (9.4 T) NMR
spectrometer using standard pulse programs and 5 and 10 mm
solution probes. The solid powder was poured into the tube and
large voids were removed by compressing the powder with a
tamping tool. The sample, restrained using a Teflon vortex plug,
was spun along the field axis at 20 Hz and measurements were
made in a unlocked mode. Spectra were recorded using single
pulse excitation and quadrature detection. Spectra with good
signal-to-noise for the13C-enriched carbon were obtained by
signal-averaging 1024 transients.13C spin-lattice relaxation
time (T1) measurements were made using inversion-recovery
(180-t-90) methods and fitting signal intensities measured as
a function oft (0-10 s) to

where It is magnetization intensity at delay timet following
the inversion pulse andI0 is the intensity of the equilibrium
magnetization.

Rotational barriers were calculated by molecular mechanics
in HyperChem (Hypercube Inc., V5.0) with the MM+ force
field. Two dihedral angles were driven from a modified version
of the Microsoft Excel macro provided with the commercial
software. The modified macro allowed for the surface-attached
moiety and surface silanols to be selected for computational
optimization whereas the surface model silicon and oxygen
atoms were frozen at their X-ray crystallographic positions.7

Surface models were based on hydroxylated [111] and [100]
planes ofâ-cristabolite, as detailed in the Results and Discus-
sion.

Results and Discussion

Fluorescence Spectroscopy.The fluorescence spectra of
surface-attached 1-pyrene, at a surface coverage of 0.019 and
0.27 mmol/g, are shown in Figure 2. The fluorescence spectrum

r(t) )
IVV(t) - G(t) IVH(t)

IVV(t) + 2G(t) IVH(t)
(1)

G(t) )
IHV(t)

IHH(t)
(2)

r(t) ) r1 exp(-t/θ1) + r2 exp(t/θ2) + r3 exp(t/θ3) (3)

Figure 1. Molecular structure of 1-hydroxypyrene showing rotational
diffusion axes and spectroscopic transition moments for oblate ellipsoid
treatment.

r(t) ) 0.3 cos(2ê) exp(-4D||t - 2D⊥t) + 0.1 exp(-6D⊥t)

(4)

It ) I0(1 - 2 exp(-t/T1)) (5)

Motion of Pyrene and Benzene Attached to Silica J. Phys. Chem. A, Vol. 107, No. 18, 20033451



at the lower coverage appears to be almost entirely due to
monomer emission, whereas fluorescence at the higher coverage
predominantly contains excimer emission. Fluorescence aniso-
tropy measurements were made at the lower coverage to obtain
molecular rotational diffusion rates and correlation times for
surface-attached monomeric species. Steady-state anisotropy
measurements (not shown) on 1-hydroxypyrene in glycerol glass
at 77 K gave a fundamental anisotropy of 0.07( 0.01 when
exciting at 337 nm and monitoring the emission at 397 nm.
The 337 nm excitation wavelength corresponds to the wave-
length of the nitrogen laser used in the time-resolved studies
discussed below. The fundamental anisotropy corresponds to
an angle of 48( 1° for â, which is equal toê as discussed
above. The anisotropy measured for surface-attached 1-pyrene
(0.019 mmol/g) at room temperature by steady-state spectros-
copy (emission at 376 nm) when exciting at 337 nm was 0.03
( 0.01 (â ) 52 ( 1°).

The room-temperature anisotropy value for the surface-
attached sample is lower than the value determined at 77 K
due to rotational diffusion effects.6 The fundamental anisotropy
in a rigid system varies with excitation wavelength due to
changes in the orientation of the absorption transition moment
relative to the emission moment. The anisotropy value is
typically independent of the wavelength in the emission
spectrum, provided the excitation wavelength is held constant.
Invariance of steady-state anisotropy typically observed in an
emission spectrum is the result of emission predominantly from
the lowest excited state, as described by Kasha’s rule.8 Variation
of the steady-state anisotropy observed in an emission spectrum
may indicate the presence of multiple emitting species, such as
monomer and excimer or impurity. The steady-state anisotropy
of the 0.019 mmol g-1 surface-attached 1-pyrene observed in
the emission spectrum (excitation at 308 nm) was approximately
0.01-0.02 and constant in the 470-500 nm range (not shown).
At wavelengths greater than 500 nm, a slight increase in the
steady-state anisotropy was observed, and may be attributable
to traces of excimer formation. The anisotropy observed in the

emission spectrum is in good agreement with the value measured
in the excitation spectrum at 308 nm (emission monitored at
376 nm).

The time-resolved fluorescence decays measured with verti-
cally polarized excitation and horizontally polarized detection
(IVH), and with vertically polarized excitation and vertically
polarized emission (IVV), are shown in Figure 3A. The total
emission, not shown, is measured with vertical excitation and
the emission collected at the magic angle of 54.7°.6 The time-
resolved anisotropy, calculated by eq 1, is shown in Figure 3B
with a superimposed decay curve calculated from fitting the
experimental data to eq 4. The best-fit values forD| and D⊥
were 4× 106 and 2× 106 s-1, respectively, with a fittedê
value of 48°. The rotational correlation times were 40 ns and
80 ns. Although the signal-to-noise ratio is high for the
fluorescence decay curvesIVH and IVV, the calculated time
dependent anisotropy,r(t), contains a higher degree of noise
and the fitted values ofD|, D⊥, andê are subject to substantial
uncertainty. However, the agreement between the fitted value
of ê and the steady-state determination ofâ lends support to
the accuracy of the fitted values. The surprising megahertz rates
for D| andD⊥ reveal a very rapid motion for the surface-attached
aryl moieties. To obtain additional confirmatory evidence of
rapid diffusional rates by silica-attached aryl moieties, an
investigation of surface-attached benzene-1-13C was undertaken.

NMR Spectroscopy.The motion regime in which spin-
lattice (T1) and spin-spin (T2) relaxation are equal, i.e., the
extreme narrowing limit, satisfies the inequalityω2τ2 , 1, where
ω is the nuclear Larmor frequency andτ is the rotational
correlation time. The condition is usually satisfied for molecules
in nonviscous solutions whereτ is typically 10-9 to 10-12 rad/
s. Although this condition is not satisfied for rotational diffusion
rates in the megahertz range, the rates are comparable (order
of magnitude) to the13C Larmor frequency in a 9.4 T magnetic

Figure 2. Fluorescence spectra of silica-attached 1-pyrene at surface
coverages of (A) 0.019 mmol g-1 and (B) 0.2 mmol g-1.

Figure 3. (A) Fluorescence decay curves for silica-attached 1-pyrene
at a surface coverage of 0.019 mmol g-1, excitation 337 nm, emission
447 nm. (B) Time-dependent anisotropy calculated from eq 1; see text.
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field, 1.0× 108 Hz, and it may be anticipated thatT1 relaxation
is efficient as the phenyl ring rotation rates ascertained from
the fluorescence experiments lie near the minimum in theT1

vs τ curve.9

Rotation rates in the megahertz range are sufficient to narrow
effectively the phenyl resonances from broadening mechanisms
that dominate solid-state spectra, the13C-1H dipolar and
chemical shift anisotropy (CSA) interactions. This reasoning
led to recording the13C NMR spectrum of silica-attached
benzene-1-13C (surface coverage) 0.017 mmol g-1) using the
normal protocol for a liquid sample.

The spectrum recorded in a 10 mm NMR tube displays a
single resonance at 157.8 ppm with half-width of 100 Hz (Figure
4A). The line width decreased to 50 Hz when the spectrum was
recorded in a 5 mm NMRtube. Thus a major fraction of the
broadening is due to field inhomogeneity. The line width of
the resonance further decreased when the solid was wetted with

acetone. The line width became 13 Hz, increasing the signal-
to-noise enough that the protonated ring carbons at natural
abundance13C levels become evident in the spectrum (129.3
ppm, meta; 115.4 ppm, ortho; 115.2 ppm, para; Figure 4B).
This suggests a magnetic susceptibility broadening mechanism
is responsible for a fraction of the line width.10 It is also possible
that the solvent molecules envelop the surface-attached benzene
moieties, creating a more uniform local environment. In any
event, the liquidlike resonance seen in Figure 4 is clear evidence
of rapid rotational motion of the phenyl group in silica-attached
benzene-1-13C.

The spin-lattice relaxation time of C(1) of the silica-attached
benzene-1-13C is 2.0( 0.2 s. It is well-known that spin-lattice
relaxation time and nuclear Overhauser enhancement (NOE)
measurements allow the13C-1H dipolar contribution to the
spin-lattice relaxation rate to be separated from all other
contributing mechanisms.11 Protonated carbons in organic
molecules relax predominantly by a13C-1H dipolar mechanism
whereas nonprotonated aromatic carbons relax mostly through
chemical shift anisotropy (CSA) in measurements made at 7
T.12 CSA is the only relaxation mechanism that is field
dependent and can be expected to dominate relaxation rates of
nonprotonated aromatic carbons in measurements made at 9.4
T. This is shown by measurement of the NOE observed for the
enriched carbon of the silica-attached benzene-1-13C: NOE )
1 + η ) 1 + 0.21) 1.21, whereη is the incremental increase
in resonance intensity measured in proton decoupled13C NMR
spectra relative to the signal in coupled or gated noise-decouple
spectra. Fromη and T1 it follows that 10% of the relaxation
rate is due to13C-1H dipolar relaxation; the dominant relaxation
mechanism, accounting for 90% of the rate, is CSA.12

The rigid lattice line width of the C(1) resonance will be
dominated by the CSA contribution. The anisotropy of phenolic
carbon is 150 ppm, or 15 kHz at 9.4 T.13 Roughly, it is with
respect to this frequency that motion must be rapid if a narrow
resonance is observed. Thus, a lower limit estimate for the
rotational rate of the phenyl group is 1.5× 105 s-1, in good
agreement with the estimates from fluorescence spectroscopy.

Molecular Models. Molecular models of the silica surface
were developed to aid in realistic visualization of the rotational
diffusion process for surface-attached aryl moieties and to
provide approximate energy barriers for rotational diffusion.
Silica surfaces can be visualized as being composed of a set of
domains corresponding to the hydroxylated [100] and [111]
crystallographic planes ofâ-cristobalite.14 The hydroxylated
[100] plane contains only geminal (designated Q2) silanols at
a number density of 7.88 hydroxyls per nm2. The hydroxylated
[111] plane contains only isolated (Q3) silanols at a number
density of 4.55 hydroxyls per nm2. Large models of silica
surfaces can be constructed from intersecting hydroxylated [111]
and [100] faces ofâ-cristobalite.14 The surface of Cabosil fumed
silica used in this work has been determined by29Si NMR
studies to be composed of 64.5% isolated, Q3, silanols. The
remaining silanols are of the geminal, Q2, form. The average
number density of hydroxyls for this mixed surface is 5.7
hydroxyls per nm2, corresponding to 1.9 mmol of hydroxyls
per gram of silica (based on a N2-BET surface area of 200 m2

g-1). The 1-pyrene surface loading of 0.019 mmol g-1 corre-
sponds to an average of 1% derivatization of surface silanols.
The benzene-1-13C coverage, 0.017 mmol g-1, similarly oc-
cupies close to 1% of the surface silanols.

Small molecular models of hydroxylated [111] and [100]
planes ofâ cristobalite are shown in Figure 5, along with

Figure 4. Single pulse excitation13C NMR spectra of a powder sample
of silica-attached benzene-1-13C recorded in a conventional solution
probe spinning along the field axis at 20 Hz: (a) dry powder in a 10
mm sample tube; (b) sample wetted with acetone and recorded in a 5
mm NMR sample tube.
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important bond distances, angles and calculated (MNDO/d)
charges. The positions for the Si and O atoms in the models
correspond to X-ray crystallographic data.7 Figure 6 depicts
models of surface-attached phenyl moieties and the cones (Os
SisOsC dihedral designatedφ) and cylinders (SisOsCdC
dihedral designatedψ) of rotation accessible to attached phenyls
on [111] and [100] surfaces. Phenyl moieties attached to a [111]
surface model can experience full rotation about bothψ andφ

dihedral angles, whereas on the [100] surface model, rotation
aboutφ is restricted by the neighboring geminal silanols on the
surface; see Figure 6.

The energy barriers to rotation about bothψ andφ dihedrals
were calculated for a phenyl attached to each surface model
using the molecular mechanics (MM+ force field) method. The
MM+ force field is based on MM2 force field, which is known
to give conformational energies with errors of approximately

0.5 kcal/mol.15 Figure 7 shows the calculated energy surfaces
for each model.

In the [100] model, a minimum on theφ-ψ mapped energy
surface occurs at an OsSisOsC dihedral (φ defined as shown
by the dashed line in Figure 7A) angle of 60°. Rotation of the
SisOsCdC dihedral (ψ) encounters a modest barrier of 4.5
kcal mol-1 atφ near its minimum. However, the energy rapidly
climbs to values exceeding 10 kcal mol-1 above the minimum
as φ is increased to 100-150°. The rapid increase is due to
steric interaction between the phenyl moiety and the adjacent
geminal silanols and lattice constituents (Si and O). The resulting
picture is one of the surface-attached phenyl moving between
two minima along dihedralφ, separated by a barrier at 0°,
imposed by eclipsing the O-Si and O-C bonds.

In the [111] surface model, the lowest barrier (ca. 2 kcal
mol-1) for rotation about the SisOsCdO dihedral (ψ) occurs

Figure 5. Molecular models of hydroxylated (A) Si [111] and (B) [100] surfaces, relevant distances and atomic charges (MNDO/d).

Figure 6. Molecular models of hydroxylated (A) Si[111] and (B) [100] surfaces with covalently attached phenyl moieties.
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at an OsSisOsC dihedral angle (φ) of 60°, as defined in
Figure 7B. Unlike the [100] case, rotation aboutφ encounters
a modest barrier of 4.3 kcal/mol atψ )90°, and the barrier
imposed by steric interactions with the [100] surface are absent.
The φ-ψ mapped energy surface for the [111] silica model
has an anticipated 3-fold barrier for rotation aboutφ that is
imposed by the tetrahedral bonding around Si, with additional
features imposed by interactions of the phenyl moiety with
neighboring Q3 silanols. The minimum energy alongφ corre-
sponds to the three gauche orientations. Rotation of the phenyl
moiety about theψ dihedral is accompanied by correlated
motion in φ, as shown in Figure 7B.

The calculated energy barriers shown in Figure 7 suggest that
diffusional motion of surface-attached moieties is favored
through rotation aboutψ. The calculated barriers are low and
support the experimental observations of megahertz rotational

diffusion rates for surface-attached aryl moieties on silica
surfaces.

Conclusions

We have demonstrated that aryl moieties attached to silica
surfaces through silanol ether (Si-O-CAr) linkages undergo
megahertz rotational diffusion at ambient temperatures. Time-
dependent fluorescence anisotropy,13C NMR and molecular
modeling data provide compelling evidence for this surprising
result. The most significant ramification of these findings may
be the ability to conduct NMR studies on isotopically enriched
samples using a standard liquid sample protocol.
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