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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. Diffusiob,ratesDy were
determined to be 4« 10° and 2x 1P s™1, respectively, by treating the motion of the attached moiety as an
oblate ellipsoid of rotation**C NMR measurements on solid, silica-attached ben4eR€; 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 k51(° 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 th& Rcal/mol range.

Introduction could be sensitive to the orientation of the donor molecule. Our
The rotational and translational dynamics for molecules preliminary studies of the pyrolysis of [.)PP in the presencg—:.of
) ) - - fluorene spacer molecules attached at either the 2- or 3-positions
confined to surfaces by physical adsorption or chemical attach-. " .
indicate a ca. 2.3-fold rate increase at 3@for the fluorene

ment play an important role in many chemical reactions and - S .
physical processes occurring at interfaces. Our research has bee%ttachEd o the _surface at the 2-position, indicating thaF .th's
Isomer can attain a more favorable geometry for the critical

exploring the impact of restricted diffusion on the kinetics and hydrogen transfer stegs
mechanisms of free radical and ionic reactions occurring during yarog . ' ) L ) .
the pyrolysis of organic molecules that are covalently im- The research discussed here is of significance in gaining a

mobilized on the surface of nonporous, fumed silica nanopar- déeper understanding of the molecular motion of surface-
ticles through a thermally robust SD—Cay linkage! The attached aromatic molecules under constrained lateral surface

molecules are chosen to mimic related structures present indiffusion. Rotational diffusion of the surface-attached moieties

organic energy resources such as coal and biomass whergonstitutes the fundamental process involved in establishing
restricted diffusion imposed by the cross-linked, macromolecular "ydrogen atom transfer by a radical relay mechanism on the

structure is known to impact thermochemical processing of these SUrface. In the current work, we use silica-attached pyrene and
materialsta 13C-labeled benzene as probe molecules and time-resolved

We have also examined two-component systems in which a fluorescence anisotrop¥iC NMR spectroscopy, and molecular
probe molecule (e.g., 1,3-diphenylpropane, DPP) was diluted modellng to gain new |nS|gh_ts into t_he rotational dynamics of
on the surface with spacer molecules either containing benzylic SUrface-immobilized aromatic moieties.
hydrogens (e.g., diphenylmethane) that can be donated to free
radical intermediates generated during pyrolysis of the probe Materials and Methods
molecule or that do not contain donatable hydrogens (e.g.,
biphenyl)2 A remarkable 20-fold acceleration in the DPP
pyrolysis rate at 378C was observed for the diphenylmethane
spacer molecule relative to the biphenyl spacer, which is not o ) -
oFt))served in corresponding ﬂuid-pﬁaseystugies. The results OfFumed silica (CabOS|I_M-5, Cabot Corp., ZGQ 25 nt g,
detailed kinetic investigations, including isotopic studies with N2—BET) was oven dried at 128C for 12 h pr.|or to use.
deuterated diphenylmethane, led us to propose a process L1-Hydroxypyrene or phend-**C was chemically attached
involving fast serial hydrogen transfer steps on the surface t0 the surface of fumed silica by a previously described
containing the diphenylmethane spacer, which resulted in aProceduré. Generally, a benzene solution of the 1-hydroxy-
radical relay mechanism not involving physical diffusion. This Pyrene (hexane:C€l; 3:1 for phenold-+*C) was slurried with
suggested that with hydrogen donor spacer molecules containingghe dry silica at room temperature and the solvent was removed
more rigid structures, e.g., hydroaromatics such as fluorene, theunder vacuum to leave a free-flowing solid. The sample was

rate of the bimolecular hydrogen transfer process on the surfacethoroughly degassed (evacuated at 807° Torr) and sealed

in a glass ampule prior to the attachment reaction. The
tPart of the special issue “George S. Hammond & Michael Kasha attachment reaction was performed by heating the coated silica

Festschrift”. . sample at 228C for 1 h in afluidized sand bath. After surface

ha;;ﬂgam‘;"x%}"gmIf:gogfsf’o”dence should be addressed. E-mail: attachment of the 1-hydroxypyrene or phegfC, the sealed
*Current address: Department of Chemistry, University of Central @mpule was opened and the silica was washed to remove any

Florida, P.O. Box 25000, Orlando, FL 32816. phenol that failed to attach. A weighed aliquot of the sample
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Benzene (Aldrich Chemical Co.) was distilled from sodium
prior to use. 1-Hydroxypyrene (Molecular Probes) and phenol-
1-13C (98 atom %!C, Icon Services Inc.) were used as received.
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was digestedn 1 M NaOH, acidified, extracted with Cg&l,,
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 vitD-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) in pyridine for
the GC analysis.
Steady-state fluorescence spectroscopy was performed on
solid samples that had been placadiil 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-stateFigure 1. Molecular structure of 1-hydroxypyrene showing rotational
fluorescence was collected from the front face of the sample. diffusion axes and spectroscopic transition moments for oblate ellipsoid
Steady-state fluorescence polarization measurements were coltreatment.
lected using two Glan-Thompson polarizers to adjust the
excitation and emission polarization, as previously repdtted.
Time-resolved anisotropy measurements were conducted by
exciting the solid sample with a nitrogen laser (337 nm, 220
per pulse, 46 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- () = 0.3 cos(Z) exp(-4Dt — 2D ) + 0.1 exp(-6D. 1)
tion and digitization is described elsewhére. 4)
Light scattering from the silica surface was shown to have
minimal effect on the signal intensity or signal-to-noise ratio X IS
of the anisotropy data, and no correction for light scattering t© obtain values foby, Dr, andg, or the correlation times and
was necessary, as previously repofiethe time-dependent amplitudes can be determined directly by fitting the anisotropy

anisotropy profile was generated from the time-dependent 9€cy t0 €q 3. We chose to obtddy, Dp, and£ from fitting
fluorescence according %o the anisotropy decay to eq 4.
NMR measurements on silica-attached benzeh¥ were

see Figure 1. The amplitude, of each component in eq 3
depends on the angles thatandE make with the unique axis
(Ba and S, respectively). In the case of 1-hydroxypyrepeg,
and e are both 90, which leads to a simplified double
exponential anisotropy decay expression, as givén in

Equation 4 can be fitted to the fluorescence anisotropy decay

Ly (D) — G(t) Ty (1) performed on a Bruker Avance 400 MHz (9.4 T) NMR
rit) = Lo (D) + 2G() Tun(0) 1) spectrometer using standard pulse programs and 5 and 10 mm
wW VH 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 thé3C-enriched carbon were obtained by
signal-averaging 1024 transientSC spin—lattice relaxation

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

mined by time (T;) measurements were made using inversigtovery
Ly () (180-t—90) methods and fitting signal intensities measured as
G(t) = L) ) a function oft (0—10 s) to
HH
[, =11 — 2 expEt/Ty)) (5)

Ihv(t) andlpk(t) are the emission intensities from horizontally

polarized excitation monitored with vertical and horizontal where |, is magnetization intensity at delay timeollowing
polarization, respectively. The denominator of eq 1 representshea inversion pulse anth is the intensity of the equilibrium
the total emission. magnetization.

The anisotropy decay, as calculated from eq 1, was treated  Rotational barriers were calculated by molecular mechanics
theoretically as the anisotropy decay of an oblate ellipsoid of ;, HyperChem (Hypercube Inc., V5.0) with the MMforce
revolution® Oblate ellipsoids (having a unique axis of rotation  fie|4” Two dihedral angles were driven from a modified version
that is shorter than two other equivalent axes) are expected 10t the Microsoft Excel macro provided with the commercial
display three correlation time#, as expressed in software. The modified macro allowed for the surface-attached

_ - moiety and surface silanols to be selected for computational
(1) =1, exp(U6,) + 1, expli6y) + 15 exptidy) - (3) optimization whereas the surface model silicon and oxygen
atoms were frozen at their X-ray crystallographic positibns.
Surface models were based on hydroxylated [111] and [100]
planes off-cristabolite, as detailed in the Results and Discus-
sion.

In an oblate ellipsoid, the rate of rotation about the unique axis
is designated abB; and the rate of rotation about the other two
equivalent axes are designatedias In 1-hydroxypyrene, the
unique axis is perpendicular to the plane of the molecule, Figure
1. The absorptionX) and emissionE) transition moments lie

in the plane of the molecule and are perpendicular to the unique
axis. Becaus@ andE lie in the plane of the molecule, the Fluorescence SpectroscopyThe fluorescence spectra of
angle betweer\ andE, f3, is equivalent to the angle between surface-attached 1-pyrene, at a surface coverage of 0.019 and
the projections oA andE onto the plane of the molecul§; 0.27 mmol/g, are shown in Figure 2. The fluorescence spectrum

Results and Discussion
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Figure 2. Fluorescence spectra of silica-attached 1-pyrene at surface Time (©)
coverages of (A) 0.019 mmol¢and (B) 0.2 mmol g~
Figure 3. (A) Fluorescence decay curves for silica-attached 1-pyrene
at the lower coverage appears to be almost entirely due toat a surface coverage of 0.019 mmoF,gaxcitation 337 nm, emission
monomer emission, whereas fluorescence at the higher coveragd4? nm. (B) Time-dependent anisotropy calculated from eq 1; see text.
predominantly contains excimer emission. Fluorescence aniso- = o )
tropy measurements were made at the lower coverage to obtairfMission spectrum is in good agreement with the value measured
molecular rotational diffusion rates and correlation times for [N the excitation spectrum at 308 nm (emission monitored at
surface-attached monomeric species. Steady-state anisotropy""76 nm).
measurements (not shown) on 1-hydroxypyrene in glycerol glass The time-resolved fluorescence decays measured with verti-
at 77 K gave a fundamental anisotropy of 0870.01 when cally polarized excitation and horizontally polarized detection
exciting at 337 nm and monitoring the emission at 397 nm. (Iva), and with vertically polarized excitation and vertically
The 337 nm excitation wavelength corresponds to the wave- polarized emissionl{y), are shown in Figure 3A. The total
length of the nitrogen laser used in the time-resolved studies €mission, not shown, is measured with vertical excitation and
discussed below. The fundamental anisotropy corresponds tothe emission collected at the magic angle of 84.The time-
an angle of 48t 1° for S, which is equal tof as discussed  resolved anisotropy, calculated by eq 1, is shown in Figure 3B
above. The anisotropy measured for surface-attached 1-pyrenavith a superimposed decay curve calculated from fitting the
(0.019 mmol/g) at room temperature by steady-state spectros-€xperimental data to eq 4. The best-fit values Bgrand D
copy (emission at 376 nm) when exciting at 337 nm was 0.03 were 4 x 10° and 2 x 10° s™%, respectively, with a fitteds
+0.01 =52+ 1°). value of 48. The rotational correlation times were 40 ns and
The room-temperature anisotropy value for the surface- 80 ns. Although the signal-to-noise ratio is high for the
attached sample is lower than the value determined at 77 K fluorescence decay curvésy and lvy, the calculated time
due to rotational diffusion effecfsThe fundamental anisotropy ~ dependent anisotropy(t), contains a higher degree of noise
in a rigid system varies with excitation wavelength due to and the fitted values dby, Dp, and§ are subject to substantial
changes in the orientation of the absorption transition moment uncertainty. However, the agreement between the fitted value
relative to the emission moment. The anisotropy value is Of & and the steady-state determinationfofends support to
typically independent of the wavelength in the emission the accuracy of the fitted values. The surprising megahertz rates
spectrum, provided the excitation wavelength is held constant. for D andDy; reveal a very rapid motion for the surface-attached
Invariance of steady-state anisotropy typically observed in an aryl moieties. To obtain additional confirmatory evidence of
emission spectrum is the result of emission predominantly from rapid diffusional rates by silica-attached aryl moieties, an
the lowest excited state, as described by Kasha'$niation investigation of surface-attached benz&n8c was undertaken.
of the steady-state anisotropy observed in an emission spectrum NMR Spectroscopy. The motion regime in which spin
may indicate the presence of multiple emitting species, such aslattice (T;) and spir-spin (T,) relaxation are equal, i.e., the
monomer and excimer or impurity. The steady-state anisotropy extreme narrowing limit, satisfies the inequalityz? < 1, where
of the 0.019 mmol g! surface-attached 1-pyrene observed in o is the nuclear Larmor frequency andis the rotational
the emission spectrum (excitation at 308 nm) was approximately correlation time. The condition is usually satisfied for molecules
0.01-0.02 and constant in the 47800 nm range (not shown).  in nonviscous solutions whereis typically 10°° to 10-12 rad/
At wavelengths greater than 500 nm, a slight increase in the s. Although this condition is not satisfied for rotational diffusion
steady-state anisotropy was observed, and may be attributableates in the megahertz range, the rates are comparable (order
to traces of excimer formation. The anisotropy observed in the of magnitude) to thé3C Larmor frequency in a 9.4 T magnetic
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acetone. The line width became 13 Hz, increasing the signal-
to-noise enough that the protonated ring carbons at natural
abundancé3C 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 widtflt 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
benzenet-13C.

The spin-lattice relaxation time of C(1) of the silica-attached
benzenel-1°Cis 2.0+ 0.2 s. It is well-known that spinlattice
relaxation time and nuclear Overhauser enhancement (NOE)
measurements allow th®C—H dipolar contribution to the

spin—lattice relaxation rate to be separated from all other
W MW contributing mechanisms. Protonated carbons in organic
molecules relax predominantly by*3C—H dipolar mechanism
whereas nonprotonated aromatic carbons relax mostly through
chemical shift anisotropy (CSA) in measurements made at 7
B 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 benz&iéc: NOE =
1+ #5n=1+0.21=1.21, where; is the incremental increase
in resonance intensity measured in proton decoupledNMR
spectra relative to the signal in coupled or gated noise-decouple
spectra. Fromy and T; it follows that 10% of the relaxation
rate is due td°C—H dipolar relaxation; the dominant relaxation
mechanism, accounting for 90% of the rate, is C3A.

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 Roughly, it is with
W 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 156 10° s™%, in good
agreement with the estimates from fluorescence spectroscopy.

ey ————— —— Molecular Models. Molecular models of the silica surface
180 160 140 120 100 were developed to aid in realistic visualization of the rotational
ppm diffusion process for surface-attached aryl moieties and to
Figure 4. Single pulse excitatio#’C NMR spectra of a powder sample  provide approximate energy barriers for rotational diffusion.

of silica-attached benzerie!*C recorded in a conventional solution  gjjic surfaces can be visualized as being composed of a set of
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 5d0mMains corresponding to the hydroxylated [100] and [111]
mm NMR sample tube. crystallographic planes gf-cristobalitel* The hydroxylated

[100] plane contains only geminal (designated Q2) silanols at
field, 1.0 x 108 Hz, and it may be anticipated th& relaxation a number density of 7.88 hydroxyls per fifihe hydroxylated
is efficient as the phenyl ring rotation rates ascertained from [111] plane contains only isolated (Q3) silanols at a number
the fluorescence experiments lie near the minimum inthe  density of 4.55 hydroxyls per nnlLarge models of silica
vs T curve? surfaces can be constructed from intersecting hydroxylated [111]
Rotation rates in the megahertz range are sufficient to narrow and [100] faces of-cristobalite!* The surface of Cabosil fumed
effectively the phenyl resonances from broadening mechanismssilica used in this work has been determined 283i NMR
that dominate solid-state spectra, th&—H dipolar and studies to be composed of 64.5% isolated, Q3, silanols. The
chemical shift anisotropy (CSA) interactions. This reasoning remaining silanols are of the geminal, Q2, form. The average
led to recording the'*C NMR spectrum of silica-attached ~ number density of hydroxyls for this mixed surface is 5.7
benzenet-13C (surface coverage 0.017 mmol g2) using the hydroxyls per nm, corresponding to 1.9 mmol of hydroxyls
normal protocol for a liquid sample. per gram of silica (based on aNBET surface area of 2004
The spectrum recorded in a 10 mm NMR tube displays a 9 *)- The 1-pyrene surface loading of 0.019 mmof gorre-
single resonance at 157.8 ppm with half-width of 100 Hz (Figure SPONds to an average of 1% derivatization of surface silanals.
4A). The line width decreased to 50 Hz when the spectrum was The benzend-5C coverage, 0.017 mmol-g, similarly oc-
recorded i a 5 mm NMRtube. Thus a major fraction of the ~ cupies close to 1% of the surface silanols.
broadening is due to field inhomogeneity. The line width of ~ Small molecular models of hydroxylated [111] and [100]
the resonance further decreased when the solid was wetted wittplanes of cristobalite are shown in Figure 5, along with
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A [111] B [100]

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

A [111] B [100]

Figure 6. Molecular models of hydroxylated (A) Si[111] and (B) [100] surfaces with covalently attached phenyl moieties.

important bond distances, angles and calculated (MNDO/d) 0.5 kcal/molt® Figure 7 shows the calculated energy surfaces
charges. The positions for the Si and O atoms in the models for each model.
correspond to X-ray crystallographic dat&igure 6 depicts In the [100] model, a minimum on thg—vy mapped energy
models of surface-attached phenyl moieties and the cones (O surface occurs at an-€5i—0O—C dihedral ¢ defined as shown
Si—O—C dihedral designated) and cylinders (S+O—C=C by the dashed line in Figure 7A) angle of*6®Rotation of the
dihedral designateqt) of rotation accessible to attached phenyls Si—O—C=C dihedral {¢) encounters a modest barrier of 4.5
on [111] and [100] surfaces. Phenyl moieties attached to a [111] kcal mol™* at¢ near its minimum. However, the energy rapidly
surface model can experience full rotation about hpthnd¢ climbs to values exceeding 10 kcal mbhbove the minimum
dihedral angles, whereas on the [100] surface model, rotationas ¢ is increased to 100150C°. The rapid increase is due to
aboutg is restricted by the neighboring geminal silanols on the steric interaction between the phenyl moiety and the adjacent
surface; see Figure 6. geminal silanols and lattice constituents (Si and O). The resulting
The energy barriers to rotation about bgtland¢ dihedrals picture is one of the surface-attached phenyl moving between
were calculated for a phenyl attached to each surface modeltwo minima along dihedrab, separated by a barrier af,0
using the molecular mechanics (MiMforce field) method. The imposed by eclipsing the -©Si and G-C bonds.
MM + force field is based on MM2 force field, which is known In the [111] surface model, the lowest barrier (ca. 2 kcal
to give conformational energies with errors of approximately mol™?) for rotation about the StO—C=0 dihedral {¢) occurs
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Figure 7. Energy surfaces for ©Si—O—C and Si-O—C=C dihedral angles calculated by molecular mechanics (NNbr the models shown
in Figure 6: (A) phenyl attached to Si [100] model and (B) phenyl attached to Si [111].

at an O-Si—O—C dihedral angle &) of 60°, as defined in diffusion rates for surface-attached aryl moieties on silica
Figure 7B. Unlike the [100] case, rotation abguencounters surfaces.

a modest barrier of 4.3 kcal/mol gt =90°, and the barrier

imposed by steric interactions with the [100] surface are absent. Conclusions

The ¢—1 mapped energy surface for the [111] silica model  \ye have demonstrated that aryl moieties attached to silica
has an anticipated 3-fold barrler_ for rotation _abe_juthat is surfaces through silanol ether {8D—Cy,) linkages undergo
imposed by the tetrahedral bonding around Si, with additional yeganertz rotational diffusion at ambient temperatures. Time-
features imposed by interactions of the phenyl moiety with genendent fluorescence anisotrop3C NMR and molecular
neighboring Q3 silanols. The minimum energy alahgorre- modeling data provide compelling evidence for this surprising
sponds to the three gauche orientations. Rotation of the phenylyegyt. The most significant ramification of these findings may
moiety about they dihedral is accompanied by correlated e the ability to conduct NMR studies on isotopically enriched
motion in ¢, as shown in Figure 7B. samples using a standard liquid sample protocaol.

The calculated energy barriers shown in Figure 7 suggest that
diffusional motion of surface-attached moieties is favored  Acknowledgment. This research was sponsored by the
through rotation aboug. The calculated barriers are low and Division of Chemical Sciences, Geosciences and Biosciences,
support the experimental observations of megahertz rotational Office of Basic Energy Sciences, U.S. Department of Energy
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