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ABSTRACT: Ferrocene has been adsorbed on the surface of silica and activated carbon within
the pores by dry grinding in the absence of a solvent at room temperature. While the dry
adsorption and translational mobility of ferrocene within the pores are already established on the
centimeter scale, there is little systematic understanding of the surface site-to-site motions of the
ferrocene molecules and their orientation with respect to the surface. In this paper, silica and
activated carbon, both widely applied in academia and industry as adsorbents, are used as support
materials. Using variable-temperature '*C and *H solid-state NMR and T, relaxation time
measurements, the dynamics of ferrocene on the surfaces of silica and activated carbon within the
pores has been quantitatively characterized on the molecular scale. The obtained data indicate that
terrocene molecules show a liquid-like behavior on the surface. Fast exchange between isotropically moving molecules and surface-
attached molecular states of ferrocene has been found in samples with submonolayer surface coverages. The surface-attached
molecular states have been characterized by the free energies AGH* of 6.1 kcal/mol for silica and AG¥ of 6.2 kcal/mol for activated
carbon at 223 and 263 K, respectively. The horizontally oriented ferrocene molecules are the most thermodynamically stable states
on the surfaces of both materials. These molecules exhibit fast Cs rotation of the Cp rings, as established by low-temperature **C and
*H NMR. The interactions of ferrocene with the pore surfaces have been characterized by adsorption enthalpies measured as —8.4 to
—7.0 kcal/mol and —6.7 kcal/mol for activated carbon and silica, respectively. It has been suggested that the ferrocene—surface
interactions for both support materials have a polar character.

N

B INTRODUCTION In general, the adsorption of small molecules on surfaces is
important for processes in industry and academia that involve
separation sciences and catalysis. NMR spectroscopic
adsorption studies with activated carbon or other supports
have focused mainly on liquids such as water, alcohols, and
benzene.">”"” 2H NMR has, for example, been used to study
alcohols confined in activated carbon fibers at low temper-
atures.'” Spectroscopic studies on adsorbed solids are more
scarce. One example would involve phenanthrene adsorbed on
biochars.'® Solid-state NMR spectroscopy' >’ is a powerful
tool to investigate surface species: for example, immobilized
catalysts on support surfaces.”’ Furthermore, polycyclic
aromatic hydrocarbons (PAH) have been adsorbed on silica™
and studied by *C solid-state NMR.*

The two most important anisotropic interactions that occur
in the solid state and are utilized in NMR are the chemical shift
anisotropy (CSA)'”?° and quadrupolar interactions.'” The

Carbon allotropes play an important role in modern and future
advances in science and engineering, and their importance
cannot be overestimated.' New carbon allotropes are still
detected, as the recently discovered molecular C,4 rings show.”
Common applications range from the popular carbon-
supported palladium catalyst to nanometer-scale electronics
of the future.! Importantly from an environmental perspective,
organic and inorganic pollutants can be very efliciently
adsorbed onto the surface of activated carbon, graphene
oxide, and carbon nanotubes (CNT) from aqueous solution
and gas streams.” " Recently, volatile odorous compounds
(VOC) have been efficiently trapped on modified activated
carbon surfaces.""

Activated carbon represents the most important allotrope
that is applied on a large scale. It constitutes an indispensable
sorbent in medicine and for catalysis and purification
procedures.12 Because it is less expensive in comparison to

other carbon allotropes, it is employed in many commercially Special Issue: Organometallic Chemistry at Various
available forms.'” Activated carbon is also environmentally Length Scales

benign, as it can be derived from biomass.'®> Furthermore, Received: November 25, 2019

special activated carbon materials show promise for removing Published: March 5, 2020

CO, from gas streams'* and heavy metals such as Hg*", Cr*",
and Cd** and toxic organic contaminants from wastewater.”
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CSA reflects the unsymmetry of the electronic surroundings of
a nucleus. The spherically rather symmetric phosphonium
salts, for example, have a small 31p CSA in the solid state,Mf’g
while polycrystalline phosphine oxides display a large CSA.**
The same accounts for phosphines versus their metal
complexes.”’ A large CSA manifests in solid-state NMR
spectra in the form of multiple sets of rotational sidebands in
addition to the isotropic line when samples are rotated. The
CSA parameters can be derived by simulations from the
spectra of rotated samples or by measuring wide-line spectra
without spinning.'”~*' In a case where a quadrupolar nucleus
with nuclear spin I = 1 such as *H or '*N is measured in the
solid state, the large quadrupolar interactions lead to a Pake
pattern.'” The distance between the center lines of this Pake
pattern can be used to determine the characteristic
quadrupolar coupling constant.'” In solution, both anisotropic
interactions are completely averaged out and only the isotropic
lines are seen in the spectra. However, in cases where the
mobility is limited and only partial averaging occurs, the
residual CSA and diminished quadrupolar coupling constant
can be used to determine different modes of mobility, as
described for ferrocene in the Results and Discussion.

We reported recently that species such as phosphine
oxides*® can be adsorbed on diverse surfaces by dry grinding,
and we could demonstrate that they are mobile on silica
surfaces.””*> Regarding the adsorption of phosphine oxides on
silica, the interactions with the surface are rather well-defined.
The oxygen of the P=0 functionality forms hydrogen bonds
with surface silanol groups.”*~** Molecular hydrogen-bonded
adducts of P=O groups with silanols,”**” phenols,””**
chloroform,”” hydrogen peroxide,” and di(hydroperoxy)-
alkanes®® have all been identified by single-crystal X-ray
diffraction.

Recently, we discovered that metallocenes of the type Cp,M
(Cp = cyclopentadienyl, C;Hs) can be adsorbed on silica by
dry grinding of the components in the absence of
solvents.”’ ~** In contrast to the phosphine oxides, hydrogen
bonding can be excluded for the interactions of these
metallocenes with silica or activated carbon surfaces. The
interactions with the surfaces must be of a van der Waals type
nature, but the orientation of ferrocene with respect to the
surface is not yet known.

Under an inert atmosphere ferrocene does not undergo
chemical reactions even with supports such as silica or alumina,
in contrast to other types of metallocenes. In contrast, the
important polymerization catalysts of the type Cp,MCl, react
readily via the chloride ligands when they are supported on
silica”** or incorporated into polymers®® or sol—gel-type
materials.”” However, even in the absence of chloride ligands,
some of the Cp,M metallocenes react quickly with oxide
surfaces after the adsorption step. On a silica or alumina
surface, chromocene forms the important heterogeneous
Union Carbide catalyst that is used industrially for olefin
polymerization under mild conditions in the absence of a
cocatalyst.”®*” Despite the importance of this catalyst, its
structure remains largely unknown. The commonly accepted
partial structure of the catalytically active surface species
consists of a CpCr'™ moiety that must be bound to a surface
siloxide anion, as determined by solid-state NMR*’ and XPS
and IR studies.’®

In our quest to elucidate the adsorption and subsequent
reaction of the surface-bound chromium species, chromocene
has been dry-ground with silica in the absence of a solvent that
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could influence the outcome of the surface reaction.

However, even without solvent the reaction is too fast and
does not allow for sufficient time to study the initial elementary
steps by solid-state NMR or other methods. Therefore, in the
present work, we turned to the less reactive ferrocene that
persists under inert gas for months with the same structure as
chromocene. By obtaining a deeper insight about the dynamic
processes of the adsorption of ferrocene on different surfaces,
conclusions about the structurally similar chromocene should
be possible. Especially the orientation of the ferrocene toward
the surface is of interest, since the reaction, for example, with
surface silanol groups can only take place after contact with the
metal center, but not through the Cp ring. Any, albeit
temporary, sideways orientation of a metallocene should
facilitate the interaction of the metal with the surface.
Regarding activated carbon surfaces, while there is no chemical
reaction taking place when ferrocene or chromocene is
adsorbed, comparing data from different surfaces allows for a
complete quantitative analysis of the adsorption process by
solid-state NMR spectroscopy.’"** Another incentive to study
the interactions of Cp,M-type metallocenes adsorbed in
monolayers with support surfaces is related to the potential
creation of single-atom catalysts by reducing the metal
center.”

Previously, we have explored the dry adsorption of ferrocene
and other robust metallocenes on the surfaces of activated
carbon and silica” only from a phenomenological perspec-
21733 Even in the absence of solvents the metallocenes that
have been adsorbed by dry grinding display dynamic effects.
Accordingly, it could be demonstrated qualitatively with
multinuclear dia- and paramagnetic solid-state NMR that
metallocenes are mobile on the surface within the pores of
amorphous silica and activated carbon.” *** It has been
visualized on a centimeter length scale that ferrocene is
translationally mobile in large silica gel specimens.’
Importantly with respect to a later application in single-atom
catalysis,” when the adsorption is undertaken in the absence
of a solvent, well-defined monolayers are formed.”> No
stacking of metallocenes in multiple layers on the surface
occurs on any support.”' > In case an excess of metallocene is
offered, it remains in its polycrystalline form and does not
adsorb.

Ferrocene and its derivatives are classic organometallic
compounds that play a crucial role in such important fields as
catalysis, stereoselective synthesis, and chiral chromatogra-
phy.*" Therefore, it is surprising that the knowledge about the
interactions with surfaces of supports such as silica or activated
carbon is rather limited. In fact, up to now, there is little
intrinsic understanding of the behavior of ferrocene on the
surface within the pores of silica and other adsorbents.”’ ~* On
the other hand, the molecular dynamics of ferrocene as a guest
molecule in inclusion compounds has been well studied by
Mbssbauer and NMR spectroscopy.*”** For example, accord-
ing to the 'H line shape analysis and 'H spin—lattice relaxation
time measurements, ferrocene molecules, included in the
structure of f-cyclodextrin, experience fast Cg rotations of the
Cp rings at the very low activation energy of E, = 0.8 kcal/
mol.”® However, the overall isotropic reorientation of the
ferrocene requires a much higher activation energy (E, = 10.7
kcal/mol).* In contrast to such inclusion compounds, no
details about reorientations of surface-adsorbed ferrocene
molecules are known yet. Only isotropic reorientation has
been described qualitatively at room temperature for ferrocene

https://dx.doi.org/10.1021/acs.organomet.9b00800
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. 31,33 . 32 . .
on silica and activated carbon.”” Therefore, in this

contribution we study the interactions of ferrocene molecules
with silica and activated carbon surfaces and their dynamic
behavior quantitatively.

Specifically, we apply variable-temperature '*C and *H solid-
state NMR'7?>*%*%%5 3nd T relaxation time measurements'’
to investigate the behavior of ferrocene (Cp,Fe, (CsH;),Fe; 1)
and its deuterated derivative, Cp,Fe-d, ((C;H,D),Fe; 2), in
pores of silica (SiO,) and activated carbon (AC) on the
molecular scale. Using different support materials provides a
deeper insight into the adsorption process itself and the
ensuing mobilities of the surface species. These quantitative
studies are of fundamental interest and have wide-ranging
potential in fields such as heterogeneous catalysis, electronic
devices, and the separation sciences.

B RESULTS AND DISCUSSION

In this contribution, we sought to investigate the interactions
of ferrocene with different support surfaces and their molecular
dynamics quantitatively by solid-state NMR spectroscopy. A
densely packed monolayer corresponds to 100% surface
coverage. The amounts of ferrocene necessary to achieve this
coverage have been determined earlier for the silica®® and
carbon” brands used here. In the following we report the
quantitative study of a silica sample with a 75% submonolayer
surface coverage with ferrocene (1-75%-8i0,) and an activated
carbon sample with a 75% surface coverage (1-75%-AC).
Deuterium-labeled ferrocene 2 has been investigated in
samples with a 50% and 130% surface coverage (2-50%-AC
and 2-130%-AC).

Unfortunately, IR spectroscopy is not a viable method to
study dynamic effects.’® Ferrocene also does not have strong
and characteristic Raman or IR bands”’ ™ that would lie
outside of the region where intense and broad absorption
bands of the support materials reside.’”*' For example, the
prominent ferrocene bands (811, 1002, 1108, 1411, 3085
cm™")* overlap with the broad and intense bands of activated
carbon (800—1450, 3000—3600 cm™!).>%'!

However, solid-state NMR'**® can be successfully applied
to quantitatively characterize various molecular motions, when
the reorientations in the magnetic field occur on the T, and/or
T, relaxation time scale. The first case is based on temperature-
dependent signal line shapes of target nuclei. In the second
case relaxation time measurements can be used because the
molecular reorientations correspond to the Larmor frequencies
of the nuclei.

Some “C T, spin—lattice relaxation time measurements,
carried out for samples of solid ferrocene and also for materials
containing intercalated ferrocene molecules, have been
reported previously.”” >* It has been well established that
the 3C T, relaxation times of ferrocene molecules are
controlled by very fast reorientations of the Cp rings,
recognized as Cg rotations with very low activation energy."
Therefore, these internal rotations can only be quantitatively
characterized on the *C T; NMR time scale at extremely low
temperatures. In fact, solid ferrocene shows a *C T, time
temperature dependence, where a '*C T .. time is observed
at 110 K,>* corresponding to an activation energy between 1.8
and 2.3 kcal/mol. Since the carbon spin—lattice relaxation
times in solid ferrocene at room temperature and also at
moderate temperatures are very long, they require long
measurement times. This is not feasible for the characterization
of our dilute samples that contain ferrocene only in
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submonolayer quantities. Furthermore, as mentioned above,
the *C relaxation mechanism and its characteristics are already
known for ferrocene-containing materials. Therefore, in this
contribution we focus on the variable-temperature *C and *H
solid-state NMR spectra, while the T, time measurements have
been used only as diagnostic tests.

Figure 1 shows the *C{'H} MAS and static NMR spectra of
polycrystalline ferrocene (1), recorded for comparison with the
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Figure 1. Room-temperature "*C{'H} NMR spectra of polycrystalline
ferrocene (1) at the indicated MAS spinning speeds.

spectra of ferrocene molecules adsorbed on the surfaces in
pores of the support materials. The static *C{'H} NMR
spectrum manifests a typical axially symmetric CSA (chemical
shift anisotropy) pattern,'”*® characterized by the parameters
summarized in Table 1. Processing of the MAS NMR spectra

Table 1. '3C Isotropic Chemical Shifts §;,, and CSA
parameters (CSA Ao and Asymmetry Parameter 17) Derived
from the *C{'H} MAS and Static NMR Experiments

Carried Out for 1, 1-75%-Si0O,, and 1-75%-AC

sample S50 (ppm) Ao (ppm) T (K)
1 68.6 —54+2,7=0 298
1-75%-Si0, 69.9 0 298
68.4 —52 4 2.0; = 0.05 180
1-75%-AC 68.1 0 298
68.5 ~=55; 57 =02 183

led to parameters that are in excellent accordance with the
theoretical and experimental studies of solid 1.°> On the basis
of these studies, the static '*C CSA pattern belongs to
ferrocene molecules with the Cp rings rapidly rotating about
their S-fold symmetry axis. At this point it is important to
emphasize that the Cp rings in solid 1 are magnetically
equivalent.

Due to the fast Cp ring rotation, the ’H NMR spectrum of
static 2 shows the quadrupolar Pake pattern'”*>*%**** with a
quadrupolar splitting of 72 kHz (Figure 2). The fitting
procedure (top spectrum in Figure 2) leads to the *H isotropic
chemical shift d,, which is set to 0 ppm, and a quadrupolar
coupling constant Cq of 98 + 2 kHz with an asymmetry
parameter of # = 0.021. These parameters agree well with
those reported earlier.”*® As follows from the spectral data,
the character of the dynamics of 2 does not change with
temperature.

The material 1-75%-SiO, has been prepared by grinding the
corresponding amount of 1 with silica (see the Experimental
Section). This procedure could potentially change the
structure of the host material. Therefore, »’Si solid-state

https://dx.doi.org/10.1021/acs.organomet.9b00800
Organometallics 2020, 39, 1080—-1091
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Figure 2. Static >H NMR of 2 at 345 and 175 K. The top spectrum
shows the experimental and simulated static spectra at 295 K; the
sharp signal in the center is an artifact appearing often in solid-echo
experiments.

NMR spectra have been measured before and after grinding.
Figure 3 shows the ’Si{'H} MAS NMR spectra recorded for

2°Si CP/IMAS

0 200 [ppm]
Figure 3. Si{'H} MAS NMR spectra of pristine dried silica (top)
and 1-75%-Si0, (bottom), recorded at room temperature with a

spinning rate of 3.1 kHz.

pristine silica and material 1-75%-SiO,. Both spectra look
practically identical and they exhibit two poorly resolved *Si
resonances at —103 and —112 ppm, representing SiO;(OH)
and SiO, structural units'”** in about the same ratio.
Therefore, a chemical reaction of 1 with the silica support,
or a major structural change can be ruled out.

The static variable-temperature *C{'H} NMR spectra of
the material 1-75%-SiO,, recorded at intervals of 10 K
between 295 and 180 K, are presented in Figure 4. The
evolution of the signal shapes with the temperature is fully
reversible. In accordance with data reported earlier for
ferrocene in silica® and ferrocene inclusion compounds,****
at ambient and moderately lower temperatures the spectrum
manifests a sharp Lorentz-shaped resonance for the Cp rings at
about 68 ppm. This feature demonstrates that an isotropic
liquid-like reorientation of ferrocene in the pores of the
material 1-75%-SiO, takes place. The isotropic reorientation
effectively averages out the CSA.

On the basis of this fact, and in contrast to inclusion
compounds studied earlier,”**** which contain a single
ferrocene molecule in the structural unit, two different
motional modes can be suggested for interpreting the sharp
carbon resonance in the “C{*H} NMR spectra (Figure 4).
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Figure 4. “C{'H} NMR spectra of the static sample 1-75%-SiO,
recorded at the indicated temperatures.

The first model (Scheme 1A) corresponds to the ferrocene
motions occurring along the pore surface and can be imagined

Scheme 1. Two Potential Motional Modes Leading to a
Sharp Carbon Resonance of Ferrocene in 1-75%-SiO,

-
~
N

-
4

/ \
/ \
I \

\\ @yﬂi@@ /’

—

“The broken line circles indicate the surfaces of idealized pores of the
support.

as a “tumbleweed scenario”. Here, the bound horizontal
molecular state of the ferrocene transforms to the vertical state
and back again to the horizontal state. In combination with the
Cp rotations around the Cg symmetry axis, these motions will
imitate isotropic reorientations. It should be noted that
recently both molecular orientations have been found for
ferrocene, physically adsorbed on a metal surface, by low-
temperature scanning tunneling microscopy and density
functional theory calculations.”” The second model (Scheme
1B) corresponds to a chemical exchange between the bound
horizontal state (see below) and truly isotropically moving
ferrocene molecules.

https://dx.doi.org/10.1021/acs.organomet.9b00800
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The choice between the models A and B in Scheme 1 for the
mobility of 1 on the surface can be made by considering the
temperature-dependent *C{'H} NMR spectra in Figure 4.
Upon cooling, the sharp carbon resonance experiences an
evolution to show the axially symmetric CSA pattern at 180 K,
belonging to immobile ferrocene molecules. As follows from
the data reported in Table 1, the CSA parameters of this
pattern and 1 at 298 K (Figure 1) are practically identical.
Thus, surface-bound ferrocene molecules also experience fast
Cp rotations around the Cg symmetry axis.

The following spectral features in Figure 4 are important in
the context of the motional models described above (Scheme
1). (a) The CSA pattern and the isotropic line coexist at low
temperatures. This is especially obvious in the spectra recorded
at 223, 203, and 193 K. (b) The resonances show chemical
exchange on the NMR time scale, as evidenced by the
reversibility of the signal evolution. (c) The line width and
shape of the narrow resonance do not change when the sample
is cooled, while the CSA pattern of a distinct separate signal
appears. This again speaks for a slow exchange between the
isotropic and bound states that occurs on the NMR time scale
and allows van’t Hoff analyses (see below). This result is only
compatible with model B (Scheme 1), as model A would lead
to one averaged signal that broadens gradually upon cooling.
The analogous interpretation accounts for the results of the
variable-temperature *H NMR spectra discussed below. (d)
The relative populations of the resonances change with the
temperature. In addition, a single ferrocene-d; molecule,
included into a thiourea matrix,** does not show the
temperature evolution of the *H resonance between 221 and
172 K, corresponding to motions of the ferrocene molecule
itself, on the NMR time scale. Thus, the experimental data only
support the motional model B well (Scheme 1).

Several *C{'H} MAS NMR experiments were performed
with different spinning speeds for 1-75%-SiO, at 180 K
(Figure S). As can be deduced from the MAS spectra, one
single isotropic '*C resonance at 68 ppm is observed at 180 K,
corresponding to both magnetically equivalent Cp rings. In
accordance with this observation, the simulation of the CSA
pattern in the top trace of Figure 5 can be reached only by
assuming the presence of one single Cp resonance. Assuming a
vertical orientation of the surface-attached ferrocene mole-
cules, the 7 electrons of one of the Cp rings are supposed to
interact with the surface of silica, leading to nonequivalency of
the Cp rings in the >C{'H} MAS NMR spectra. Both Cp rings
in vertical molecular states could in principle participate in this
interaction if the pore sizes of the silica were only about 7—9 A.
This would be in the range of the height of ferrocene, which is
6.7 A, when the van der Waals radii of the carbon atoms are
included. However, the average pore diameter of the silica used
is 40 A. Therefore, due to the equivalency of the Cp rings in
the C{'H} NMR spectrum of 1-75%-SiO, at 180 K, the
horizontally oriented molecular states are much more likely.
Finally, since the isotropically moving component is
completely absent in the C{'H} NMR spectra at 180 K
(Figure 4), these horizontally oriented state ferrocene
molecules, interacting with the surface of silica within the
pores, are the most thermodynamically stable.

As seen in Figure 4, the signal intensity of the isotropic
component increases with the temperature. The experimental
and simulated *C{'H} NMR spectra of 1-75%-SiO, at 233 K
are shown in Figure 6. From these, the mole fractions of both
components can be determined by deconvolution. Using this
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Figure 5. C{'H} MAS NMR spectra of 1-75%-Si0, recorded at 180
K with the indicated spinning speeds. The top spectrum shows the
simulation of the spectrum obtained at 850 Hz, corresponding to the
CSA parameters given in Table 1.
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Figure 6. Simulation of the *C{'H} NMR spectrum of 1-75%-SiO,
at 233 K. The large isotropically moving component is represented by
the green line, and the low-intensity CSA pattern of the surface-
attached ferrocene molecules is drawn in red.

approach, the fractions of the surface-attached molecules
(Pyouna) and the isotropically moving molecules (P,,), found
between 193 and 233 K, lead to the calculated equilibrium
constants (K,q = Piso/Ppoyna)- The latter, summarized in Table
2, describe the transformation of bound to isotropically moving
molecules. Then, the slope of the dependence of In K, versus

1/T (Figure 7) allows us to determine the enthalpy that

Table 2. Temperature Dependence of the Mole Fractions
Found for Isotropically Moving Molecules of 1 (P,,) and
Surface-Bound Molecules (Py,,,4) in 1-75%-Si0, and the
Corresponding Equilibrium Constants (K.,)

T (K) By Piound Keq
193 0.0898 0.9102 0.0987
203 0.280 0.720 0.389
223 0.40S 0.595 0.681
233 0.763 0.237 3.219
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Figure 7. Temperature dependence of the equilibrium constant (Keq)
depicted as In K, versus 1/T, obtained for the sample 1-75%-SiO,.

characterizes the ferrocene/silica surface interactions via the
adsorption enthalpy of 1, which can be calculated as AH®
—6.7 + 0.5 kcal/mol with a AS® value of +30 + 2 eu. It should
be noted at this point that the positive entropy change
corresponds well to the increased randomness of the isotropic
state.

As outlined above, the static *C{'"H} NMR resonances in
Figure 4 show chemical exchange between the surface-attached
and isotropically moving molecules of 1 within the silica pores,
taking place on the T, NMR time scale. A quantitative line
shape analysis in these spectra is obviously difficult. However,
the °C line shape observed at 223 K provides an estimate of
the rate constant k., as 19 X 10° s™' within the limits of a
three-center exchange. This value then gives a AG(223 K)*
value of 6.1 kcal/mol for the exchange.

In principle, the *C NMR signal obtained at 180 K (Figure
4) could also stem from recrystallized 1 instead of molecules
attached to the silica surface. The values in Table 1 show that
the 3*C NMR parameters of polycrystalline 1 and surface-
attached ferrocene molecules in 1-75%-SiO, are practically the
same. Therefore, regarding only adsorption on one support
material, there is no strong evidence that the immobile
molecules are indeed located on the surface within the pores of
silica, and not in crystallized 1. However, independent
evidence and clarification regarding the different scenarios
can be obtained by probing the material 1-75%-AC because
activated carbon, being paramagnetic, is active in EPR
spectroscopy.***” In accordance with the paramagnetic
nature of this support, the *C T, times determined for the
Cp rings in a static sample of 1-75%-AC are extremely short
with 0.05 s (298 K), 0.06 s (283 K), and 0.06 s (273 K). In
comparison, the '*C T relaxation times are longer than 18 s in
polycrystalline 1. Therefore, it can be assumed that the Cp
rings are in contact with the surface of the activated carbon
support.

The temperature evolution of the *C{'H} NMR resonances
in the spectra of static 1-75%-AC (Figure 8) is similar to that
observed for 1-75%-SiO,. At the static regime the C
resonance of the activated carbon support is very broad and
can be eliminated by a baseline correction. In analogy to the
case of 1 on silica, the isotropic resonance of ferrocene in 1-
75%-AC, observed at 298 K with the chemical shift reported in
Table 1, transforms to the CSA pattern at 183 K. However, in
contrast to 1-75%-Si0,, the pattern is broadened significantly.
In fact, the simulation of this CSA pattern (Figure 8, top)
requires now a line width larger than 1.2 kHz with the
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203K
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Figure 8. Variable-temperature *C{'H} NMR spectra of a static
sample of 1-75%-AC at the indicated temperatures. The top trace

shows the CSA simulation of the signal at 183 K.

parameters summarized in Table 1. This broadening is
obviously caused by strong dipolar electron—nucleus inter-
actions between 1 and the paramagnetic surface of the
activated carbon, preventing a quantitative analysis of the
spectra. This problem can be avoided by studying the material
2-50%-AC, containing a deuterium label, which is less sensitive
to paramagnetic effects. Figure 9 shows the variable-temper-
ature ’H NMR spectra obtained from a static sample of 2-
50%-AC.

2H Wideline NMR

263K

W/\J\\/M

223K

1000 0

-1000 [ppm]

Figure 9. Variable-temperature H NMR spectra of a static sample of
2-50%-AC recorded at the indicated temperatures.

In accordance with the *C NMR data in Figure 8, the
spectrum exhibits a single deuterium resonance at 295 K,
belonging to isotropically moving ferrocene molecules. Upon
cooling, this resonance turns into a quadrupolar pattern19
similar to that of solid 2 in Figure 2, which can be simulated
with the quadrupolar parameters Cq = 98 + 3 kHz and 7 =
0.08. The same pattern, observed at low temperatures, has
been reported for deuterated ferrocene (CsDjs),Fe placed into
a thiourea matrix.** In analogy to the case of 2, the low-
temperature quadrupolar pattern of 2-50%-AC does not show
features that could be interpreted as nonequivalency of the Cp
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rings. Thus, a vertical molecular stance of ferrocene on the
activated carbon surface is not probable. The line broadening
in the *H low-temperature spectrum (Figure 9) is most likely
due to interactions with electrons of the paramagnetic
activated carbon support, as described above for the *C nuclei.
The variable-temperature “H NMR spectra of 2-50%-AC in
Figure 9 demonstrate the absence of the isotropic component
at 175 K, which grows gradually, however, upon heating.
The *H NMR spectrum, recorded at 263 K and simulated as
a superposition of the quadrupolar pattern and the isotropic
component, is illustrated in Figure 10. It should be noted that

T
[ppm]

Figure 10. Static “H NMR spectrum of 2-50%-AC at 263 K. The red
line shows the simulation of the quadrupolar pattern with Cq = 97
kHz and 57 = 0.08, and the green line depicts the isotropic component.

this simulation requires the line width of both components to
be 5.5 kHz versus 1 kHz used for the FID treatment. As in the
case of the C{'H} NMR spectra of 1-75%-SiO,,
deconvolution leads to mole fractions of the isotropically
moving ferrocene molecules (P,,) and surface-attached
molecules (Pp,y,q).- These give, in turn, the equilibrium
constants K., = Pj/Pyounq summarized in Table 3. A

180

Table 3. Temperature-Dependent Mole Fractions of
Isotropically Moving Ferrocene Molecules (P,,) and
Surface-Attached Molecules (Pp,,q) and the Corresponding
Equilibrium Constants (K,,) Determined for 2-50%-AC

T (K) Piso Phound Keq
243 0.078 0.922 0.085
247 0.11 0.89 0.124
253 0.146 0.854 0.171
263 0.25 0.75 0.33

comparison of the values in Table 3 with those in Table 2
clearly indicates the difference between the silica versus the
activated carbon support. For example, K.; = Pjso/Ppounq for
ferrocene adsorbed on silica at 233 K equals 3.2 (Table 2),
while it is 0.085 for activated carbon as the support at 243 K
(Table 3). In spite of the small temperature difference, K, is
orders of magnitude larger for silica than for the activated
carbon sample.

The straight line in coordinates In K,y versus 1/T in Figure
11 leads to the absorption enthalpy of ferrocene molecules in
AC, an AH® value of —8.4 + 1.0 kcal/mol, and a AS® value of
30 =+ 3 eu. Finally, the additional line broadening, found at the
simulation of the spectrum in Figure 10, is most likely caused
by a chemical exchange between surface-attached and
isotropically moving molecules in the material 2-50%-AC.
This exchange, resulting in the single sharp resonance in the
room-temperature “H NMR spectrum, could be characterized
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In(K,y)

0.0036
1/T(K)
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Figure 11. Temperature dependence of the equilibrium constant K.,
depicted as In K, versus 1/T, obtained from the samples 2-50%-AC
(O) and 2-130%-AC (O).

by the rate constant kg, of 145 X 10% s~ at 263 K within the
limits of a three-center exchange, giving AG(263 K)¥ = 6.2
kcal/mol. This value is close to the 6.1 kcal/mol obtained for
the material 1-75%-Si0O,.

In the context of the present study, the material 2-130%-AC,
prepared with a 130% coverage of the surface, was of great
interest. Figure 12 shows the room-temperature *C{'H} MAS

13C NMR

400 200 0 [ppm]

Figure 12. “C{'H} MAS NMR spectrum of 2-130%-AC at a
spinning speed of 9 kHz.

NMR spectrum of this material, recorded with a spinning
speed of 9 kHz. The broad resonance at 129 ppm can be
attributed to carbon nuclei of the activated carbon support,'’
while the relatively sharp line belongs to the Cp rings of 2. As
in the case of 1-75%-AC, the *C T, time of the Cp ring
carbon nuclei is only 0.056 s, which is close to the value of 0.08
s measured for the carbons of activated carbon.'' The
extremely fast relaxation of the Cp rings in 2-130%-AC
supports again the assumption that ferrocene molecules are
actually located in the pores of this paramagnetic material in
spite of being present in excess of a monolayer in the sample.
The variable-temperature *H NMR spectra of the static sample
2-130%-AC (Figure 13) overall resemble those displayed in
Figure 9. Nevertheless, the following features deserve addi-
tional attention.

First, even at 315 K, the *H NMR spectrum exhibits a low-
intensity pattern with a quadrupolar splitting, corresponding to
surface-attached ferrocene molecules or polycrystalline 2 (see
Figure 2), located within the pores of the support. Note that
this quadrupolar pattern is especially visible in the form of
sidebands in the H MAS spectrum of 2-130%-AC (Figure 13,
top). Second, in contrast to the ferrocene in the material 2-
50%-AC with a submonolayer of 2, the chemical exchange
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Figure 13. Variable-temperature *H NMR spectra collected for a
static sample of 2-130%-AC at the indicated temperatures (bottom).
The top spectrum is the room-temperature *H MAS NMR of 2-
130%-AC, spinning at a rate of 9 kHz.

between liquid-like molecules and surface-bound molecules is
slow on the NMR time scale. In the context of this exchange,
this result is quite reasonable because decreasing the free space
on the activated carbon pore surface by increasing the total
amount of 2 will impede the exchange. Third, in spite of 2
being present in excess of a monolayer, the *H NMR spectra of
2-130%-AC recorded at the lowest temperatures do not
manifest the isotropic resonance. This effect can be attributed
to the formation of a second layer of the ferrocene on the pore
surface.

To determine the mole fractions of the isotropically moving
ferrocene molecules (P,,) and surface-attached molecules
(Pyouna) in 2-130%-AC, we have used the approach described
above for 2-50%-AC. The fractions and equilibrium constants,
defined again as K.y = Pio/Ppouney are summarized in Table 4.
Figure 11 displays the corresponding correlation yielding the
thermodynamic parameters AH® (—7.03 + 0.6 kcal/mol) and
AS° (36 + 3 eu). The somewhat reduced adsorption enthalpy
AH® on going from 2-50%-AC to 2-130%-AC can be
explained by the formation of a second layer of 2 on the

Table 4. Temperature-Dependent Mole Fractions of
Isotropically Moving Ferrocene Molecules (P;,,) and

Surface-Attached Molecules (Py,,,4) and the Corresponding
Equilibrium Constants (K.,) Determined for 2-130%-AC

T (K) Piso Phound Ko
243 0.050 0.95 0.0583
253 0.117 0.883 0.133
258 0.151 0.849 0.178
263 0.187 0.813 0.230
273 0.276 0.724 0.381
283 0.342 0.658 0.519
295 0.484 0.516 0.938
315 0.620 0.38 1.632
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surface. One might speculate that two layers of ferrocene are,
in a solid-state NMR sense, equivalent to polycrystalline 2
within the pores.

Since the quadrupolar patterns of the individual deuterated
ferrocene molecules in polycrystalline 2 and surface-attached
molecules in 2-50%-AC and 2-130%-AC at low temperatures
are practically identical, it was important to determine the
difference between them by measuring the “H T, times in
static samples of 2 and 2-130%-AC. The *H NMR T,
relaxation data obtained for 2 at different temperatures are
1.10's (295 K), 0.70 s (263 K), 0.67 s (258 K), 0.39 s (213 K),
and 0.15 s (185 K). To show that these values are correct, they
have been presented as a correlation of In T, versus 1/T, giving
a straight line which corresponds to an activation energy of 1.9
kcal/mol for the relaxation process. Therewith, the activation
energy lies in the region of 1.8—2.3 kcal/mol, reported for the
fast Cs rotation of the Cp rings.””>” For a static sample of 2-
130%-AC, the *H T, measurements were reliable at low
temperatures, when only the quadrupolar signal was observed,
resulting in the values 0.09 s (213 K) and 0.04 s (185 K). The
T, measurement at 295 K was successful for a spinning sample
of 2-130%-AC by using the sideband pattern (Figure 13, top)
to result in a *H T; time of 0.35 s. Obviously, on going from 2
to 2-130%-AC, the *H T, time shortens significantly. This
illustrates that dipolar electron—nucleus interactions between
the ferrocene molecules and the paramagnetic surface of the
activated carbon occur. We consider this effect as an additional
proof that the ferrocene molecules reside on the surface within
the pores of the activated carbon support.

Finally, a fourth feature in the ’H NMR spectra of 2-130%-
AC in Figure 13 deserves a more detailed discussion. The line
width of the central, isotropic component of the spectrum is
large, growing from 3.3 kHz at 315 K to 8.2 kHz at 273 K,
while the quadrupolar pattern practically does not change. This
“selective” broadening is visible best in the MAS NMR
spectrum (Figure 13, top), where the broadened isotropic line
is observed in combination with the sideband pattern
containing sharp lines. This feature has been noticed earlier’
and attributed to the higher translational mobility of the
adsorbed molecules of 2 upon heating the samples. However,
the same spectroscopic effect can appear when the isotropically
moving molecules experience a very fast chemical exchange
with additional molecular states, acting as intermediates in the
slower exchange with the horizontally bound molecules. We
suggest that the vertically oriented (semibound) molecules
represent such intermediates. This explanation can be
supported by the following observations. First, the broadening
of the isotropic resonance does not show quadrupolar features,
which would appear in the case of slowing down translational
motions at low temperatures. Second, the “H T, time of 0.021
s measured for the central component in the MAS spectrum
(Figure 13) at 295 K cannot provide the experimentally
observed line width of 4.3 kHz.

In summary, liquid-like behavior has been found for
ferrocene molecules residing on silica and activated carbon
surfaces within the pores. In both materials, the surface-
attached adsorbed ferrocene molecules have been recognized
as horizontally oriented thermodynamically stable states, experi-
encing fast rotations around the Cg symmetry axis of the equivalent
Cp rings, while the vertically oriented states can play a role as
intermediates in the exchange between surface-attached and
detached ferrocene molecules.
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The horizontally oriented molecular states obviously do not
promote the possible formation of hydrogen bonds of the type
Si—O—H-m-electrons on the silica surface as well as 7—p
interactions’’ of ferrocene with hexagonal and pentagonal
rings of the activated carbon.’’ Since the iron atoms in
ferrocene molecules have a partial positive charge, their
interactions with the surfaces of both silica and activated
carbon are of a polar nature.”

Adsorption enthalpies and energies of surface—adsorbate
interactions depend significantly on the host structures and
pore sizes.”~°° Therefore, it is difficult to compare the
thermodynamic parameters obtained for the adsorption of
ferrocene on silica and activated carbon surfaces. The same
accounts for other adsorbates in the pores of different support
materials. However, it is interesting that, in contrast to the K,
values for silica and activated carbon, the enthalpies character-
izing the ferrocene—surface interactions are similar for silica
(—6.7 kcal/mol) and for activated carbon (—8.4 to —7.0 kcal/
mol). In fact, the value obtained for silica is very close to the
heat of adsorption of benzene in microporous SiO, (—6.7 kcal/
mol).%* At the same time, the interactions between ferrocene
and activated carbon strongly exceed z—p interactions of
benzeﬁe molecules in the pores of activated carbon (—4.2 kcal/
mol).

B CONCLUSION

In this contribution variable-temperature *C and *H solid-
state NMR experiments have been performed to characterize
the dynamics of ferrocene molecules adsorbed on the surface
within the pores of silica and activated carbon. Ferrocene
shows a liquid-like behavior in the pores of both supports. It
has been demonstrated that isotropically moving molecules
and surface-attached molecular states of the ferrocene
experience chemical exchange. The exchange is fast on the
NMR time scale in the samples 1-75%-SiO, and 1-75%-AC
and also in 2-50%-AC with submonolayer surface coverages.
This exchange has been characterized by the free energy values
of AG* = 6.1 kcal/mol for silica and AG* = 6.2 keal/mol for
activated carbon at 223 and 263 K, respectively. In contrast to
the submonolayer coverages, the material 2-130%-AC,
containing an excess of the ferrocene, shows a slow exchange.
This indicates that vacant surface sites are indispensable for
this exchange to take place.

The thermodynamically most stable state of ferrocene and
ferrocene-d, on the surface within the pores of both materials
is the horizontally oriented state. This state is directly observed
at low temperatures, while fast rotation of Cp rings around
their C5 symmetry axis takes place. The adsorption enthalpies
of ferrocene in the pores of activated carbon and silica have
been determined as —8.4 to —7.0 kcal/mol and —6.7 kcal/mol,
respectively. It has been suggested that interactions of the
adsorbed ferrocene with the surface are of a polar nature in
both materials. The new insights gained on this research topic
should have major implications for catalysis, as adsorption is
the first step in generating many heterogeneous metallocene-
based catalysts on supports: for example, the Union Carbide
catalyst.

B EXPERIMENTAL SECTION

Materials. The silica (Merck, 40 A average pore diameter, 0.063—
0.2 mm average particle size, specific surface area 750 m*/g) was dried
in vacuo at 200 °C for 2 days to remove adsorbed water and condense
surface silanol groups.”
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The activated carbon DARCO KB-G was obtained from Sigma-
Aldrich, and it has a specific surface area of 1700 m’/g and pore
volumes for micro-, meso-, and macropores of 0.36, 0.95, and 0.45
mL/g, respectively. Batches were predried and degassed for 3 h at 200
°C in vacuo (0.035 mmHg) prior to being weighed in and used for
adsorbing ferrocene.

Sample Preparation. The maximum surface coverage of the silica
with 1 has been determined earlier.>* The sample 1-75%-SiO, was
prepared by dry grinding of 355.0 mg (1.908 mmol) of Cp,Fe (1)
with 1 g of silica for S min using a pestle and mortar. The deuterated
ferrocene Cp,Fe-d, (2) was synthesized by double lithiation and
subsequent quenching with D,0 according to a literature method.®”
The sample 2-75%-SiO, was created by dry grinding of 2 (355.0 mg,
1.887 mmol) with 1 g of silica. The maximum monolayer surface
coverage of the activated carbon brand DARCO KB-G has been
determined previously.>> The samples 1-50%-AC, 1-75%-AC, and 1-
130%-AC were generated by dry grinding of 536.2 mg (2.882 mmol),
804.3 mg (4.323 mmol), and 1394.1 mg (7.493 mmol) of Cp,Fe,
respectively, with 1 g of DARCO.

NMR Instrumentation and Measurements. The “C{'H]},
»Si{'"H} MAS, and static NMR experiments and also the static *H
NMR experiments were carried out with a Bruker Avance 400 solid-
state NMR spectrometer (400 MHz for 'H nuclei) equipped with a
two-channel 7 mm MAS probe head. The standard single-pulse
sequences (direct nuclear excitation with a 50° radio frequency pulse)
were applied for the nuclei *C and *Si using recycle delays as needed
for the corresponding full spin—lattice relaxation estimated on the
basis of inversion—recovery experiments.

The “C{'H} MAS NMR experiment for 1, performed at a
spinning rate of 3 kHz, required a recycle delay of 50 s due to the long
BC relaxation time. The tppm15 (two-pulse phase modulation) pulse
sequence has been used for complete 'H decoupling. TMS (Me,Si)
has been used as an external standard for the "*C and ?’Si chemical
shifts and D,0 (6(*H) 4.75 ppm) for referencing the H NMR
spectra.

The static *H NMR data were collected with a solid-echo pulse
sequence (90°—7—90°)"° with a 7 delay of 40 ys, a 90° pulse length of
5.25 ps, and a relaxation delay of 4 s.

Typically 2000—2400 transients were recorded for all *H solid-state
NMR measurements. All samples were densely packed into the inset-
free rotors as finely ground powders. Compressed nitrogen was used
as both the bearing and drive gas for the MAS measurements.

The variable-temperature '*C and ’H NMR experiments have been
performed with a standard temperature unit of the spectrometer
calibrated with liquid methanol placed into a 7 mm rotor. The
experimental *C and ?H T relaxation times were measured by
inversion—recovery (180°—7—90°) experiments, and rf pulses were
calibrated and 7 delays widely varied to determine rough T estimates.
Relaxation (recycle) delays were adjusted to provide full nuclear
relaxation in each cycle.

The quadrupolar coupling constants were derived from the *H
MAS NMR spectra using the NMR simulation program Dmfit. The
error margin in this fitting procedure is +0.5 kHz.

The experimental *C and *H inversion—recovery data for the
displays of signal intensity versus 7 time have been treated with a
standard nonlinear fitting computer program based on the
Levenberg—Marquardt algorithm.®® The statistical errors of the *C
and *H T, time determinations were <15%. The line-shape analysis of
the static *C{'"H} and *H VT NMR spectra was performed with the
program DNMR in the software package of the Bruker spectrometer.
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