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Abstract

The dynamics of catechol in zeolite Beta was studied using quesielastic neutron scattering (QENS) experiments and molecular
dynamics simulations at 393 K, to understand the behaviour of phenolic monomers relevant in the catalytic conversion of
lignin via metal nanoparticles supported on zeolites. Compared to previous work studying phenol, both methods observe
that the presence of the second OH group in catechol can hinder mobility significantly, as explained by stronger hydrogen-
bonding interactions between catechol and the Brgnsted sites of the zeolite. The instrumental timescale of the QENS
experiment allows us to probe rotational motion, and the catechol motions are best fit to an isotropic rotation model with a
D™ of 2.9 x 10'° s~!, While this D™ is within error of that measured for phenol, the fraction of molecules immobile on the
instrumental timescale is found to be significantly higher for catechol. The MD simulations also exhibit this increased in
‘immobility’, showing that the long-range translational diffusion coefficients of catechol are lower than phenol by a factor
of 7 in acidic zeolite Beta, and a factor of ~3 in the siliceous material, further illustrating the significance of Brgnsted site
H-bonding. Upon reproducing QENS observables from our simulations to probe rotational motions, a combination of two
isotropic rotations was found to fit the MD-calculated EISF; one corresponds to the free rotation of catechol in the pore
system of the zeolite, while the second rotation is used to approximate a restricted and rapid “rattling”, consistent with mol-
ecules anchored to the acid sites through their OH groups, the motion of which is too rapid to be observed by experiment.
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Lignin is a primary constituent of biomass, with the poten-
tial to become a dominant source of fuel and fine chemicals
[1]. Lignin is a three-dimensional polymer of phenolic mon-
omers, which has to be catalytically degraded into smaller
components in order to maximise the returns of its utiliza-
tion [2, 3].

A combination of mechano-catalysis and solvent extrac-
tions [4-6] is usually followed by a hydro-deoxygenation
(HDO) process that aims to transform the lower molecular-
weight phenolics obtained after the de-polymerization of
lignin. The HDO of lignin-derived compounds, catalysed by
metal nanoparticles supported on zeolites, is highly effective
at increasing the elemental ratios of H:C and C:O, conse-
quently enhancing the energy content of the produced fuel
[1]. In the HDO transformation, the transition metal guides
the hydrogenation and further de-polymerization of the solu-
ble derivatives of the lignin degradation, with the resulting
products going through additional dehydration, alkylation
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and coupling reactions at the internal acid sites of the zeolite
[7-9]. As such, the acid sites of the zeolite, together with
its topology and pore dimension, play an important role in
the selectivity and yield of the overall conversion [10, 11].
To understand the selectivity and any potential rate-limiting
steps, it is thus essential to analyse the dynamical behaviour
of relevant molecules in the micropore system of zeolite
catalysts. Of recent interest for use in HDO catalysis has
been zeolite Beta (framework type BEA) [12-14], which
features relatively large pore windows of 12 tetrahedral sites
(T-sites), allowing the relatively unhindered entry of phe-
nolic monomers into the micropore system [10]. However,
a full understanding of factors governing the activity and
selectivity of the catalytic system is hindered by the com-
plexity of both the catalyst and the sorbates involved, and
multiple techniques are required to understand the behaviour
on a range of scales.

The unique ability of neutron spectroscopy to probe inor-
ganic microporous catalytic systems [15] has been demon-
strated a number of times for both the study of adsorbed
hydrogenous species [16, 17] and active sites on the cata-
lyst surface [18, 19]. In terms of probing sorbate mobility,
quasielastic neutron scattering (QENS) can probe motions
over a wide range of timescales, with different instruments
covering a timescale range of 2 ps—100 ns [20]. This enables
the probing of rotational motions local to the active site, or
in the pore system [21-24] and longer range diffusion pro-
cesses throughout the pore network, providing both qualita-
tive and quantitative insights [25-28].

A particularly powerful combination for these systems is
that of QENS experiments coupled with molecular dynam-
ics simulations, which are able to model motion over the
same time and length scales [29]. Unique insight has been
gained in a range of systems relevant to microporous cataly-
sis [25, 30, 31]. In addition, the development of simulation-
led data analysis tools is a priority for neutron spectroscopy
research across fields [32] where QENS observables, such
as the intermediate scattering function and dynamical struc-
ture factor, may be calculated for direct comparison between
theory and experiment [27, 33, 34].

Our previous work has studied the motions of adsorbed
phenol in zeolite Beta with this combination [35]. The study
showed that, on the timescale probed by experiment, only
isotropic rotational motion is observed, with a fraction of the
molecules remaining static. This finding was supported by
MD calculations, which showed that a proportion of immo-
bile molecules engaged in strong hydrogen-bonding with
the acid sites, while the mobile fraction rotates relatively
freely in the micropores when located farther away from the
acidic protons.

In the present work, we compare our previous observa-
tions with that of catechol, which is another commonly
observed compound in the conversion of lignin [36-38].
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Catechol has an additional OH group at the ortho posi-
tion compared to phenol, and thus we aim to analyse how
differences in mass, steric interactions and extra H-bond-
ing capability affect the molecular motion of phenol and
catechol inside zeolite Beta, using both QENS and MD
simulations.

2 Methods
2.1 Experimental

As in our previous work studying phenol [35], the com-
mercial zeolite Beta samples used were obtained from Zeo-
lyst International (CP814E*, Si/Al = 12.5) and received
originally in the NH, form. These samples were activated
into the catalytic H-Beta form by heating from room tem-
perature to 798 K for 4 h, with a heating rate of 5 K min~!,
and then dried for 10 h under vacuum at 170 °C. Next, the
samples were ground using a pestle and mortar with 10%
weight of catechol (approximately 4 molecules per unit
cell) in a glovebox under argon. Finally, the samples (3.3
g in total for catechol mixed samples) were transferred to
thin-walled aluminium cans of annular geometry, where a
1 mm annulus was used to avoid multiple scattering from
the sample. The catechol-mixed samples were then heated
to 393 K for 2 h in order to melt the catechol and ensure
its adsorption into the zeolite pores.

QENS experiments were carried out using the time-of-
flight backscattering neutron spectrometer OSIRIS [39]
at the ISIS Pulsed Neutron and Muon Source. The cells
were placed in a top-loading closed cycle refrigerator. The
samples were then cooled to a base temperature of 10 K
and a resolution measurement was taken, after which they
were heated to 393 K, where the QENS spectra were meas-
ured. This temperature was selected by considering the
temperatures used during the hydro-processing of phenolic
compounds and also to avoid any molecular decomposition
associated with pyrolytic processes.

Pyrolitic graphite 002 analyser crystals were used, giv-
ing an energy resolution of 24.5 peV with energy transfers
measured in a window of +0.55 meV; the detector cov-
ered measurements over a Q range of 0.2—1.8 A-1. The
measurement was taken of the empty zeolite Beta sample
and the signal was then subtracted from the signal of the
catechol-loaded Beta, so that only the signal from the cat-
echol could be extracted. In this way any scattering from
the aluminium container, which is very low in comparison
with the zeolite is also subtracted. No further corrections
were necessary. All QENS spectra were fitted using the
neutron scattering analysis softwares packages DAVE [40]
and MANTID [41].
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2.2 Computational Simulations

The molecular dynamics simulations complementing the
QENS experiments were performed with the code DL _
POLY [42, 43]. The pairwise atomic forces in the zeolite
structure are represented by Coulombic interactions and
classical potentials, according to the Born model of ionic
solids [44]. The system energy comprises a combination
of Coulombic contributions [45], short-range repulsions
and dispersion forces in the form of Buckingham and Len-
nard—Jones potentials [46, 47], and harmonic potentials to
represent covalent bonds and bond-bending angles. Full

ionic charges are employed for the framework atoms Si**,
AP* and non-protonated O?~, while the fractional charges
proposed by Schroder et al. are used for the OH group of
the Brgnsted acid site, i.e. — 1.426 and +0.426 ¢ for the O
and H atoms, respectively [48]. The inter-atomic interac-
tions in acidic zeolite Beta are represented by the classical
parameters originally proposed by Sanders et al. [49] and
further expanded in following works to account for the
replacement of Si** by AI** [50], and the parametrization
of the acidic OH group [48]. The full set of parameters are
compiled in Table 1 of Ref. [35].

Table 1 Potential parameters for the intra- and inter-molecular interactions of catechol

veo=sal(2)"-(2)]

Lennard-Jones

€; = (¢ - €)? o; =0.5(c; + o))

q() € (eV) o; (A)
H + 0.4399 0.000000 0.00
(0] —0.6263 0.006737 3.07
Ci, + 0.3534 0.003047 3.55
Cig —0.3395 0.003047 3.55
Cys — 0.2462 0.003047 3.55
H; +0.2018 0.001306 2.42
Hys + 0.2169 0.001306 2.42
Harmonic bond U(ry) = g(rij —7y)?

k(eV A ro (A)
H-O 0.960 (r, fixed)
0-C 1.364 (r, fixed)
c-C 48.94 1.385
C-H 31.25 1.085
Harmonic bond angle U(8;,) = g(el.jk -6,

k (eV rad™?) NG
H-O-C 4.122 110.5
0-C-C 4.341 120.0
Cc-C-C 3.903 120.0
C-C-H 4.341 120.0
Torsion U(¢;,) = All + cos(mep;y — )]

A (eV) 5(°) m
C-C-O-H 0.0544 180.0 2
Harmonic dihedral Ul (¢ijk1) = §(¢ijkl - (I)O)2

k (eV rad™?) ¢ (°)
C-C-C-0O 1.7350 0.0
Cc-C-C-C 1.7350 0.0
C-C-C-H 1.7350 0.0
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In our previous work, [35] we adapted the parametri-
zation proposed by Mooney et al., which has been used
to study liquid phenol over the range of temperatures
333-523 K, [51] to define the intra- and inter-molecular
interactions in phenol. Since phenol and catechol differ
only by the addition of a second OH group, we decided
to continue using these parameters, modifying only the
atomic charges for catechol. A linear regression is applied
to the relationship between the atomic charges of phenol
reported by Mooney et al. and the corresponding Mul-
liken charges at the B3LYP/cc-pVTZ level, as calculated
by the code NWChem [52]. The Mulliken charges are also
computed for catechol, and the derived linear equation is
then used to estimate the catechol charges employed in
the classical model. The harmonic parameters reported
by Sastre et al. describe the C—C and C—H bonds of the
aromatic ring [61], while the C—O and O—H bonds remain
fixed as originally proposed by Mooney and collaborators
[51]. The full set of parameters is compiled in Table 1.

The interactions of the O atoms of catechol with Si**
and AI** are based on the Buckingham potentials defining
the framework pairs (Si**, 0%7) and (A**, O%7), where the
pre-exponential factor A is re-scaled following a procedure
analogous to the protocol employed by Schréder and co-
workers [48]. Only the Coulombic contribution is used to
describe the interaction between the acidic proton and the
O atoms of catechol, in similar fashion to the equivalent
inter-molecular interaction in catechol [51]. The remain-
ing interactions between the O and H atoms of the zeo-
lite framework and the catechol molecule are defined by
the Lennard—Jones potentials reported by Vetrivel and

collaborators [53]. The full set of interatomic parameters
is compiled in Table 2.

The polymorph A of zeolite Beta, with symmetry P4,22,
is employed in the simulations. Zeolite Beta has a three-
dimensional pore system, with inter-connected straight pores
along the a and b directions. After optimization, the lattice
parameters of the crystal have values of a = 12.465 A and
¢ =26.224 A, in close agreement with the experimental val-
ues of 12.5 A and 26.6 A, respectively [54]. The Al atoms
are placed at the T6 sites, with the protons bound to the 012
bridging oxygens [35]. A Si/Al ratio of 15 is achieved by
adding four Al atoms to the unit cell of zeolite Beta, with
one Al per straight pore out of four present in the unit cell.
The all-silica structure is also included in the calculations in
order to examine the effect of the acid sites on the diffusion
of catechol.

The simulation supercell is constructed by expanding the
unit cell of zeolite Beta to a 4 X 4 X 2 cell along the direc-
tions a, b and c. Afterwards, 128 molecules of catechol (4
molecules per unit cell) are added to the system, obtain-
ing a concentration that is very similar to the loading of 10
wt% used in the QENS experiments. The MD simulations
are carried out at a temperature of 393 K, with an initial
equilibration of 1 ns employing a micro-canonical ensemble
(NVE), followed by another 1 ns using a canonical (NVT)
ensemble; in this case, the temperature is controlled with a
Berendsen thermostat applying a time constant for thermal
energy exchange of 1.0 ps [55]. The production run consists
of 6 ns of NVE ensemble. An integration time step of 0.5
fs is employed during the simulations, saving the atomic
coordinates every 2000 steps.

Table 2 Potential parameters for the inter-atomic interactions between the zeolite structure and the molecules of catechol

Ulrp) =A-exp(=2) -
;

Buckingham
A V) p(A) C (eV A%
Si--0* 410.8502 0.32052 0.0
Al--O* 467.2960 0.29912 0.0
o\ 12 s \6
UGry) = 461.1.[(7”) - (—) ]
Lennard-Jones ) i i
¢; (V) o; (A)
0--C* 0.008430 2.958
O--H* 0.004987 2.557
0--0* 0.010545 2.764
H--C* 0.003900 2.806
H--H* 0.000851 1.785
H--0* 0.000000 1.535

The asterisk denotes atoms of catechol
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We obtain mean-squared displacement (MSD) plots with
satisfactory linearity and statistics by applying the method of
multiple initial times #,; the trajectory over 6 ns is averaged
into 1 ns, shifting ¢, every 25 ps. The MSD of the catechol
molecules is calculated from the movement of their center
of mass, deriving the self-diffusion coefficients from the
Einstein relationship:

1. d
D, = 2 lim —([r(t) — r(t)I’) )
The QENS observables are calculated by averaging the 6 ns
of trajectory into 100 ps, shifting ¢, every 50 ps, the meth-
odology of reproducing these observables is further outlined
in Sect. 3.2.

3 Results and Discussion
3.1 Quasi-elastic Neutron Scattering Experiments

QENS spectra as a function of Q at 393 K for catechol in
zeolite Beta are shown in Fig. 1. The QENS spectra at Q =
0.56 and 1.58 A~! were omitted due to the presence of a sig-
nificant Bragg peak in zeolite Beta at these Q values, which
caused issues upon subtraction of the empty zeolite signal
from that of the loaded zeolite. The spectra were fitted to a
delta function convoluted with the resolution measurement

Fig.1 QENS spectra as a func-

tion of Q for catechol at 393 K

in zeolite Beta. (-) is the total

fit to the data points, (=) is the —
quasielastic Lorentzian compo- _—
nent. Alternate spectra at higher —
Q values are shown for clarity

A i

taken at 10 K, a single Lorentzian function (which could
describe the data satisfactorily) and a flat background func-
tion. Figure 1 contains the data points, the total fit (black),
and the quasielastic component of the spectra (red) given by
a Lorentzian function.

As observed for phenol, we note that the Lorentzian com-
ponent is very small, particularly at low Q values, and the
elastic component is very large at all Q values (though the
increase in the intensity of the Lorentzian component rela-
tive to the elastic component as a function of Q appears to be
lower in catechol compared to phenol). This suggests that we
are either observing localised motions (rotation or confined
diffusion), or that a large proportion of the molecules are
static on the timescales probed by the instrument. The need
for only one Lorentzian function to fit the broadening of the
spectra suggests that only one dominant mode of motion is
observed on the timescale of the instrument, as was observed
with phenol, though its prevalence may be less.

We now analyse the possible localised motions present
which can be characterised using the elastic incoherent
structure factor (EISF), which is given by:

I elastic ( Q)
A =
O(Q) Ielastic(Q) + IQENS(Q) (2)

and is the proportion of the total scattered intensity that is
elastic. The experimental EISF at 393 K is shown in Fig. 2.
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Fig.2 Experimental EISF of
catechol in zeolite Beta at 393
K, along with relevant theoreti-
cal EISF models

EISF

A number of models are available to characterise the local-
ised motions of catechol, related to the geometries of motion
of the protons in the molecule. We outline the models used to
fit the experimental EISF now.

Isotropic rotation is characterised by a molecule whose
reorientation takes place through a series of small angle, ran-
dom rotations so that no ‘most probable’ orientation exists on
a time average, as depicted in Fig. 3a. The scattering law as
derived by Sears [56] for this form of rotation has an EISF,
Ay(Q), given as:

Ay(Q) =j2(Or) (3a)
. _sin(Qr)
Jo =~or (3b)

Zeolite Beta pore surface

Fig.3 a Isotropic rotation of a catechol molecule with a radius of
rotation r. b Rotational motions of catechol bound to the zeolite sur-
face by one or two hydroxyl groups; (b, left) uniaxial rotation through
the O—C, bond axis of catechol bound by one hydroxyl, H-bonded to
the Brgnsted site, with rotational radii of r,; and r,, for the differing
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Zeolite Beta pore surface

& 393K
------ Isotropic Rotation
- . . = 2-site Rotation
/D - Confined
------------ Uniaxial Rotation

z 3 3 & 3

1.5 2

where r is the radius of rotation, and jj, is the Oth order
spherical Bessel function.

The average radius of rotation of the 6 protons as calcu-
lated from the catechol center of mass is 2.9 A. The theoreti-
cal EISF for isotropic rotation with a radius of rotation of 2.9
A is plotted against the experimental EISF in Fig. 2 as the
dashed black line. We note that the model falls far below all
experimental points.

Our next consideration is that of a catechol molecule,
which is hydrogen-bonded by one of its OH groups to the
zeolite surface, with a rotating hydroxylbenzyl group (shown
in Fig. 3b, left). A model which reasonably describes this
motion is that of uniaxial rotation of these protons around
the O-C, bond axis. The 3 protons belonging to the aromatic
ring (on C;, C5 and Cy) share the same radius of rotation
(r,,) of 2.16 A and the proton of the non-H-bonded hydroxyl
group has the radius of rotation (r,,) of 3.2 A. This model

protons; (b, right) 2-site symmetrical rotation of the protons around
the C, axis of catechol bound through its two oxygens, H-bonded to
the Brgnsted site with rotational diameters of d,_5 for the 6 protons. ¢

Translational motion of catechol confined to a sphere of radius ..,
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cannot be used for powder samples that are typically used
in studies of porous materials, because no expression exists
for the average angle 6 between the axis of rotation and the
direction of Q. However, with a sufficiently large N (> 7),
the scattering function does not change as N increases. The
approximation of jump rotation over N sites may then be
used, given in Eq. 4a. This model necessitates the incorpo-
ration of an immobile fraction to account for the H-bonded
hydroxyl proton and the proton attached to C, being static,
such that only 4/6 protons are mobile, shown in Eq. 4b.

A0 =~ S 207, sin (5] )
n=1

A(Q) = g{%gjo[zgru sin (%) } +(1-2) @)

The uniaxial rotation model is plotted as the dotted line
in Fig. 2, but while it appears to fit the data points at low
Q, it falls below the data points at mid and higher Q values.

In addition to this mode of adsorption, we may also con-
sider a catechol molecule which is adsorbed via H-bonding
of both hydroxyl oxygens to the same Brgnsted acid site
proton. If this form of adsorption were to take place, the
most likely mode of motion would be rotation with two-
fold symmetry between equivalent sites, i.e. the symmetri-
cal flipping of the catechol molecule through its C, axis, as
depicted in Fig. 3b (right). There are 3 diameters of rotation
relevant to this flipping, marked as d,_; (d; =4.7,d, = 5.0,
d;=4.9 A) in Fig. 3b. We note that in previous DFT calcula-
tions, the out-turned hydroxyl’s orientation in this structure
was found to be less favourable by 67 kJ/mol. However, we
consider it to be a reasonable orientation when the mol-
ecule is adsorbed by both oxygens to a Brgnsted site where
the catechol hydroxyl protons would likely be repelled. The
theoretical EISF of this 2-site jump rotation model is given
by Eq. 5, where j, is the Oth order spherical Bessel function
in Eq. 3b, and d in this case is the average diameter of d;_5.

Ay(Q) = %[1 +jo(Qd)] 5)

This model (shown in Eq. 5) is plotted against the experi-
mental EISF in Fig. 2 as the dot-dashed black line. The line
falls on the experimental points at the lowest Q values, but
it falls below the experimental points at mid and higher Q
values. The shape of the model function is also not in agree-
ment with the shape of the experimental EISFs.

We now consider translational motion of the catechol
localised to a confined volume. Volino and Dianoux [57]
developed a model to describe a scattering molecule under-
going translational motions in a confined spherical volume

of radius ., (shown in Fig. 3c). This scattering model is
based on the general event of a particle diffusing in a poten-
tial field of spherical symmetry, where the potential is low
inside the sphere’s volume but infinite outside of it.

The EISF of this model is given as:

A _ 3.]] (Qrc()nf) 2

0(Q) = [T(mf] (6a)
) sin(QrC(mf) cos(Qrconf)

J1 (Qrconf) = - (6b)

(Qrcnnf)2 Qrconf

where j, is the spherical Bessel function of the first kind,
order 1, and r,,, is the radius of the sphere to which the dif-
fusion is confined. In this study we consider the radius of a
micropore in zeolite Beta, i.e. 3.2 A. The Volino model for
confined diffusion is plotted in Fig. 2 as the solid black line,
showing that the model falls below the experimental points
at all Q values. For a detailed discussion on the derivation
and implementation of all aforementioned models for local-
ised motion, we refer the reader to the referenced resources
[59, 60].

The localised models of motion alone are clearly not suit-
able to fit the EISF. However, we may also consider that
only a fraction of molecules are mobile and undergoing such
localised motions on the timescale of the instrument, as was
observed for phenol, where a significant population of mol-
ecules was immobile, either sterically hindered by the Beta
channels, or strongly interacting with the pore walls/acid
sites. We can calculate an effective EISF which takes this
situation into consideration, given by:

AT(Q) = p,ANQ@) + (1 - p)) @)

where p, is the fraction of mobile molecules, and A,(Q) is
each EISF, as shown in Egs. 3a, 4b, 5 and 6a. In Fig. 4 we
have plotted these effective EISFs against the experimental
data obtained at 393 K with the optimal p, (as obtained by
a least squares fitting procedure). The only model which is
able to fit within all the experimental error bars is that of
isotropic rotation with p, = 0.39, suggesting that it is most
likely that we are observing catechol rotating isotropically in
the zeolite Beta pores with ~61% of the molecules static on
the timescale of the instrument (1-100 ps). We note that this
is a significantly higher immobile fraction than that observed
for phenol in the same zeolite, which had a static population
of ~40%. We consider that the reasons for this difference
include the extra hydroxyl group on catechol allowing for an
extra opportunity to strongly interact with the zeolite pore
wall/Brgnsted sites, or that the larger molecular radius of
catechol could lead to more significant steric hindrance to its
rotation, resulting in more molecules appearing to be static
on the timescale of the instrument.

@ Springer
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Fig.4 The experimental EISF 1
of catechol in zeolite Beta at

393 K, plotted against the mod-

els of localised motions after 0.9
fitting with a mobile fraction

(p,)- The optimum p, value is Y
listed in brackets 0.8 %\ \
L
2,
w 0.7
0.6
0.5
0
Fig.5 Q-dependence of the 0.1
HWHM broadening of the Lor-
entzian components of QENS 0.09

spectra of catechol in zeolite
Beta at 393 K

0.04

FWHM meV
o
&

0.03
0.02

0.01

The full width at half maxima (FWHM) of the Lorentzian
components of the QENS spectra as a function of Q at 393
K are plotted in Fig. 5. Crucially, the plot shows that the
broadenings are independent of Q, which justifies our fitting
of the EISF to a rotational model. We may now calculate the
rates of rotation using the broadening of the Lorentzian com-
ponents, with the isotropic rotational diffusion coefficient
calculated as outlined in Ref. [23].

The rotational diffusion coefficients and mobile frac-
tions are listed in Table 3. We note that, perhaps counter-
intuitively, the calculated D™ for catechol is slightly higher
than that calculated for phenol in the same catalyst sample.
However, the listed errors overlap for these values, and the
mobile fraction p, is significantly lower (by roughly 1/3)
for catechol. We can therefore conclude that, compared to
phenol, significantly more catechol is immobile over the
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timescale of the instrument, either owing to strong interac-
tions with the acidic sites or the zeolite pore walls (due to
the extra hydroxyl group of the molecule allowing for more
H-bonding opportunities, and/or the generally increased
molecular dimensions). However, we observe that the cat-
echol molecules that are mobile undergo similar isotropic
rotation to phenol with a similar (within error) rate of
rotation.

3.2 Molecular Dynamics Simulations

The QENS experiments showed that phenol and catechol
rotate at very similar rates (within error) in H-Beta, but with a
significant difference in the amount of molecules that are vis-
ibly mobile to the spectrometer (39% of catechol compared to
60% of phenol molecules). This significant decrease in total
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Table 3 Parameters derived . .
MD simulat @
from the QENS experiment and simurations QENS exp
the MD simulations for phenol Isotropic EISF fitting®  Tsotropic F (Q , 1) fitting©
and catechol in all-silica Beta -
and H-Beta zeolites at 393 K Df,“) ¢ Ty ¢ &) DY DY D! Dy
phe@all-Si Beta 8.04 091 2.65 009 137 1.99x10° 879 x 10"
cat@all-SiBeta 2.51 0.85 269 0.15 1.02 8.10x10° 7.83x 10!
phe @H-Beta 172 082 253 0.18 0.85 6.77 x 10°© 9.10 x 10'" (2.60+0.19) x 10'° 0.60
cat@H-Beta 025 056 245 044 075 498 x 10° 1.03 x 102 (2.94+0.17) x 10! 0.39

Translational diffusion coefficients (10~10

m? s~1). Values for phenol are taken from Ref. [35].

®Weight of rotational motion c, and rotational radius r, (A) obtained from the fitting of the simulated EISF

curve with Eq. (11).

“Rotational diffusion coefficients (s™') averaged over the Q values, and obtained from the fitting of the ISF

curves with Eq. (13).
dRotational diffusion coefficient

s D™ (s~!) and mobile fraction p, derived from the QENS experiments.

Values for phenol are taken from Ref. [35].

®This value is different from the

previously calculated coefficient of 2.92 x 10'% s~!in Ref. [35]. This is due

to the utilization of a single isotropic rotation to fit the F(Q, t) curves in Ref. [35] compared to the use of
two rotations in the present work

Fig. 6 Mean square displace- | | 1 1
ment (MSD) averaged over 1 ns
of molecular dynamics simula- 27
tion for phenol (red lines) and ,’
catechol (blue lines) in all-silica = e . Pid -
Beta (dashed lines) and H-Beta 42 0 phenol, all-Si Beta ,/
(solid lines) -—- catechol, all-Si Beta /,’
340 —— phenol, H-Beta L7
4 —— catechol, H-Beta al
’
& ’’
oL 7
= 260 [ -
a -
wn R4
s ,/
1 8 0 B // ]
’ A
// - -
7/ - -
' d - -
,/ - -
100 -
4
/7
/7
/
/
/ -
i | l

mobility for the catechol system (despite the rates of rotation
being similar) is reflected in the MD simulations, when we
consider the longer-range translational mobility of both mol-
ecules in the zeolite, as shown by the MSD plots in Fig. 6.
The highest translational diffusivity corresponds to phenol in

200

400 600
time (ps)

800 1000

all-silica Beta, with a diffusion coefficient of 8.04 x 10719 m?
s~ [35]. In comparison, the diffusion of catechol is slower
by a factor of ~3 compared to phenol in the siliceous zeolite,
with a value of 2.51 x 107'° m?s~!, probably as a result of a

@ Springer



716

Topics in Catalysis (2021) 64:707-721

higher recurrence of inter-molecular H-bonding interactions
in catechol, which slows down the molecules, combined with
more pronounced steric effects inside the micropore. In the
presence of Brgnsted acid sites, the translational motion is fur-
ther constrained owing to the strong H-bonds formed between
the OH groups of the molecules and the acidic protons. The
Brensted acid sites reduce the diffusion coefficient by a factor
of approximately 5 and 10 for phenol and catechol in H-Beta,
respectively (see Table 3). The fact that the catechol diffusivity
is a factor of ~7 lower in H-Beta than that of phenol illustrates
the significance of the extra H-bonding capability of the diol.

We now proceed with the direct reproduction of QENS
observables from our MD data. Equation 8 represents a Fourier
transformation in the frequency domain, which allows one to
obtain the incoherent dynamical structure factor S;,.(Q, ®)
from the self-part of the intermediate scattering function (ISF)

F(Q. 0 [29]:
Sinc(0, ®) = % / F,(Q, Hexp(—iwt)dt 8)

Sinc(Q, w) is directly measured in experiment, as shown
in Fig. 1. However, preserving the time-domain is better
suited for the computation of the QENS parameters dur-
ing the processing of the simulation data. Additionally, we
have to consider that the QENS measurements are performed
with polycrystalline samples, which justifies the use of the
powder average expression of the function F(Q, t) [33, 58]:

N .
&/ sin(QIdi () — dity)]) >
F(Q.0) =~

L0=5 Z< 0ld,(1) —di(1y)]

i=1

®

In Eq. 9, N is equal to the number of H atoms in phenol and
catechol, and d; represents the coordinate vector of the ith
H atom with respect to the center of mass of the molecule
and is thus sampling rotational motions. The modulus of
the momentum transfer vector |Q)| is represented by Q. To
improve the statistics of the F (Q, t) sampling, we take the
micro-canonical ensemble average over a set of initial times
ty, which is denoted by the angular brackets in Eq. 9.

Figure 7 shows an example of the ISF curves obtained
from Eq. 9 using the MD data for the adsorption of cat-
echol in all-silica Beta. The ISF decays can be fitted with a
combination of exponential functions, with each exponen-
tial describing a rotation in a specific frequency domain
[27]. We are able to achieve a satisfactory fitting of the
simulation data of catechol employing two exponentials,
which was also the case for phenol [35]:

2
Fy(Q.,n =B(Q)+ Z C (e (10)
n=1

The decay factor I',, is equivalent to the half-width at
half-maximum of a Lorentzian employed to fit the quasie-
lastic component in a QENS experiment. The contribution
of each exponential is expressed by the pre-exponential
factor C,; for each value of O, C,(Q) + C,(Q) + B(Q) = 1.
The parameter B(Q) corresponds to the atomic arrange-
ment in the momentum space when ¢t — oo, thus providing
the molecular rotation symmetry. Therefore, the curve of
B(Q) versus Q corresponds to the EISF, represented in
Eq. 2, leading to a direct comparison between MD simula-
tions and experiment.

Fig.7 Powder average of the
intermediate scattering function
(ISF) obtained by feeding into

1.0

Eq. 9 the proton coordinate
changes with respect to the
center of mass of catechol in all-
silica Beta. The ISF curves are
plotted for values of Q within
the range 0.126 (top curve) to
2.016 A~ (bottom curve), at
regular steps of 0.126 A~

0.8

0.6

ISF

0.0

'O‘
I

N |
o

— =

o
1
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The B(Q) parameter obtained from the MD data carries
information from all the rotational motions present in the
system. In this case, since two exponentials are needed
for the fitting of the ISF curves, we should expect that
the rotational model applied to the description of B(Q)
should include information from two motions. We consider
a combination of two isotropic rotations to fit the curves
of B(Q) versus Q:

2

B(Q) = ) ¢,j5(Qr,) an

n=1

where ¢, provides the contribution of the motion to the over-
all value of B(Q), with r, representing the radius of rotation,
or equivalently, the average molecular radius. The com-
bination of two isotropic rotations proves suitable for the
description of B(Q) over the entire range of Q values ana-
lysed in this study, as shown in Fig. 8. The values of ¢, and
r, obtained after the fitting with Eq. 11 are listed in Table 3.

Phenol and catechol in all-silica Beta and H-Beta zeolites
show r, values that range between 2.4 and 2.7 A, matching
the radii employed to fit the experimental QENS data [35].
However, the second isotropic rotation included in the model
of Eq. 11 reveals r, values within the interval 0.7—1.4 A for
phenol and catechol, which are too short for the size of these
molecules. We can explain this discrepancy on the basis of
arestricted motion that is approximated here as an isotropic
rotation with a radius shorter than the one corresponding to
a motion free of any constraint, as represented in Scheme 1.

In the present methodology, the amplitude of the rotation
is represented by the displacement Ad = |d,;(t) — d(t,)| in
Eq. 9, which is averaged over all the molecules in the sys-
tem. If there are no restrictions, the amplitude of the rotation
reaches its maximum possible value, and the set of atomic
displacements Ad in Eq. 9 leads to a B(Q) that, when fit-
ted with an isotropic model, provides the expected rotation

0 ty
A
| .
t

radius r, consistent with the dimension of the molecule. This
case is represented by the grey circle in Scheme 1. However,
constraints to the molecular movement may arise, for exam-
ple, the strong H-bonds established between the molecular
OH groups and the acidic protons of the zeolite. In this case,
we could expect a motion characterized by a rapid rattling of
restricted amplitude, with the molecule anchored through its
O atom to the acid site. It is important to note that, during the
processing of the MD data, the atomic coordinates of each
molecule are referenced to its center of mass in order to take
out the translational movement and exclusively deal with
rotational motion. Thus, this rapid, hindered rattling of short
amplitude is transformed into a restricted molecular rotation,
as shown in Scheme 2. Additionally, we have to consider
that this rattling should be random, which means that the
corresponding restricted rotation is suitably described by an
isotropic model when averaged over the entire set of mol-
ecules. Nevertheless, since the movement is constrained and
hence the average atomic displacements Ad do not reach the
maximum possible amplitude expected from the molecular
dimension, the fitted rotational radius ' would be smaller
than the ideal r obtained from a fully unrestricted isotropic
rotation. We can conclude that the stronger the constraint on
the molecular motion, the smaller the value of r' compared
to r, whose case is represented by the set of blue circles
in Scheme 1. This procedure allows us to decompose B(Q)
into isotropic components, accounting for the most relevant
rotational motions occurring in the MD simulations.

In the present work, we have observed that the powder
average of the ISF function is satisfactorily fitted by two
exponentials. The first of these exponentials has a decay
constant of I'; with a value within the experimental window
of 0.55 meV, which we attribute to the isotropic rotation
observed in the QENS experiments. Meanwhile, the decay
constant I', for the second exponential is above the 0.55
meV threshold, indicating a motion too fast to be observed

t t
0 r 0 r t
r
t

>

Increasingly restricted rotational motion

Scheme 1 Schematic representation of an ideal, completely free iso-
tropic rotation (grey circle with radius r), and a restricted rotation
(blue circle with radius /) with increasing level of constraint when

moving from left to right in the scheme. The arrows represent the
amplitude of the rotation over a period of time spanning from ¢, to ¢

@ Springer
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Fig. 8 Elastic incoherent struc- |
ture factor (EISF) for phenol
(red circles) and catechol (blue
circles) in all-silica Beta (open
circles) and H-Beta (full cir-
cles). The EISF is obtained after
the fitting of the ISF curves with
Eq. 10 and equating the param-
eter B(Q) to Ay(Q). The values
of B(Q) for each system are
represented by circles; the solid
lines correspond to the best
fitting of the isotropic model in
Eq. 11 to the B(Q) data

1.0

0.8

EISF

phenol, all-Si Beta
catechol, all-Si Beta
phenol, H-Beta
catechol, H-Beta

® ® OO

Scheme 2 The atomic coordi-
nates of the catechol molecule
are referenced to its center of
mass. The rapid, hindered rat-
tling that occurs over the period
of time £, — ¢ is thus trans-
formed into a restricted rotation.
The center of mass of catechol
is marked with a red dot

rapid

in experiments. It is important to note that the QENS data
are best described by an isotropic rotation model with a
radius within the range 2.5-3.0 A, consistent with an unre-
stricted isotropic rotation, and a fraction of immobile mol-
ecules. Therefore, upon considering the combination of two

@ Springer

restricted
rotation

isotropic rotations necessary to fit the B(Q) function (the
MD-generated EISF), we can conclude that the motion with
rotation radius 7, between 2.4 and 2.7 A corresponds to the
quasielastic signal detected in experiment, and thus with the
first exponential. The second isotropic rotation with radius



Topics in Catalysis (2021) 64:707-721

719

r, between 0.7 and 1.4 A then most likely represents a rapid,
restricted rattling of molecules anchored to the acid sites,
too fast to be detected, and thus more likely to produce a flat
background in the experimental scattering function.

Upon inspecting the coefficients weighing the contribu-
tion of the exponentials to the overall rotation, we note that
the coefficient c;, which accounts for the unrestricted (long
amplitude) isotropic rotation with radius r;, can be considered
in terms of the fraction p, of mobile molecules obtained from
the QENS experiments. The value of ¢, remains above 0.85
for phenol and catechol in all-silica Beta, with the contribu-
tion of the second isotropic motion lying below 0.15. This
indicates that these molecules have a high degree of freedom
in the all-silica zeolite, although there is a low but measur-
able level of constraints, which may arise from inter-molecular
and/or molecule-zeolite interactions. When phenol dynam-
ics is measured in H-Beta, the value of ¢, drops from 0.91 to
0.82, with ¢, consequently increasing to 0.18. Additionally, the
rotational radius describing the rapid rattling decreases from
1.37 to 0.85 A, suggesting an increase in hindrance caused
by the strong H-bond interactions between phenol and the
acid sites. The presence of a second OH group in catechol
increases the level of observed constraints. The coefficient c,
for catechol in H-Beta shows a significant decrease, down to
0.56 from its value of 0.85 in the siliceous structure. We note
that the experimental mobile fractions for phenol and catechol
in H-Beta were measured at 0.60 and 0.39, respectively; 0.2
fractional units smaller than the calculated absolute values of
¢, from the MD simulations (0.82 and 0.56, respectively), but
retaining the same trends with a consistent offset. We therefore
conclude that ¢; can be compared directly to the p, obtained
by the QENS experiments, as they are describing the contri-
bution of the same motion to the overall signal observed both
experimentally and from the MD calculations.

The isotropic model can then be used to fit directly the
F,(Q, 1) functions and calculate the rotational diffusion coef-
ficient [33]:

o

F(Q.0 = Y Q1+ Djf(@ne P (12)

1=0

where r is the rotational radius and D™ is the rotational dif-
fusion coefficient. As a development to our previous work
on phenol, Eq. 12 can be further modified to consider the
contribution of two isotropic rotations:

2

F Q.0 =) ¢,2(0r)+
n=1

13)

2 I

Z C:z 2(21 + l)jlz(an)e—l([+l)Dlrxntt

n=1 =1

In Eq. 13, the Oth order spherical Bessel function, j,, is
removed from the summation in Eq. 12 and treated inde-
pendently from the rest of the expression. Two different sets
of coefficients, {c,} and {C!}, are separately employed to
weigh the contribution of both isotropic motions in the first
and second summations of Eq. 13. Note that the summa-
tion Zizl cnjé(an) in Eq. 13 is equivalent to Eq. 11, used
to fit B(Q). Therefore, the parameters {c,} and {r,} already
derived from the fitting of B(Q) are input in Eq. 13 and kept
fixed during the fitting of F,(Q, 1), while the parameters { C’ }
and {D’”'} are allowed to vary. The first seven terms of the
inner summation over / in Eq. 13 are retained during the fit-
ting. We have to note that the addition of a second isotropic
rotation in the fitting of the F (Q, ¢) curves will inevitably
modify the value of the calculated D’ compared to our pre-
vious work on phenol, which used a single isotropic motion
during this procedure [35].

The calculated D' values are listed in Table 3. Figure 9
presents the variation of D’ with Q. The diffusion coeffi-
cient D', corresponding to the long amplitude rotation with
radius 7, shows a magnitude within the range 10° to 10'% s,
while D/’ remains at approximately 102 s, for phenol and
catechol in all-silica Beta and H-Beta. Although tending to
be smaller, the value of D} is comparable to the rotational
diffusion coefficients derived from the QENS studies. The
MD calculated values for the D™ of catechol and phenol
are relatively close, (that of catechol being ~75% that of
phenol) in a manner comparable to our experimental obser-
vations which have overlapping error bars. We note that the
upper limit of our D’f”’ values are also approaching those of
experiment, with that of phenol lower than the experimen-
tal value by a factor of ~2, and that of catechol lower by a
factor of ~3. We also note that D} is approximately two
orders of magnitude larger than D, thus providing further
evidence that the restricted molecular rattling is too fast to
be observed by experiment.

4 Conclusions

The dynamical behaviour of catechol was studied in zeo-
lite Beta (Si/Al = 12.5) using quasielastic neutron scatter-
ing at 393 K with a loading of 4 molecules per unit cell.
Similarly to previous work probing phenol, a significant
elastic component in all spectra was observed. Subsequent
fitting of the EISF to the relevant models of localised cat-
echol motion—including isotropic rotation and diffusion
confined to a sphere matching dimensions of the zeolite
Beta channels, along with dynamics of adsorbed molecules
such as uniaxial rotation and 2-site flipping around the C,
axis—has suggested that on the instrumental timescale we
are observing isotropic rotation of the catechol molecules
in the zeolite pores, with a rotational diffusion coefficient

@ Springer



720

Topics in Catalysis (2021) 64:707-721
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Fig.9 Q-Dependence of the rotational diffusion coefficients D}
(blue circles) and DZL;‘” (green circles) derived from the fitting of the
ISF curves of each system with Eq. 13. The average values of D"
and D" are represented by blue or green dashed lines; these average

of 2.9 x 10'° s=!. While this coefficient is slightly higher
than that measured previously for phenol in the same zeo-
lite, the values are within the experimental error of each
other. The amount of catechol observed to be immobile on
the instrumental timescale was significantly higher than
that observed for phenol (~60% immobile catechol mole-
cules compared to ~40% immobile phenol molecules). The
molecular dynamics simulations agreed with this observa-
tion, first through a significant decrease in the long range
diffusion coefficient calculated for catechol with a value of
0.25 x 10719 m? s~! (a factor of ~7 lower than that found
previously for phenol). The MD simulations were then used
to reproduce the experimental F(Q, t) and EISF, where it
was found that two forms of isotropic rotation were neces-
sary to fit the EISF calculated from the MD simulations.
The first rotation corresponded to an unrestricted isotropic
motion as observed experimentally, showing the same trend
in terms of mobile fractions as in the QENS analysis, where
a larger contribution of this unconstrained isotropic rotation
could be attributed to the dynamics of phenol in H-Beta
compared to catechol, with weighting (i.e. ¢; = p,) values of
0.82 and 0.56, respectively; the calculated rotational diffu-
sion coefficients D" were also of similar magnitude to those
measured experimentally. The second rotation fitted to the
MD calculated EISF was considered to be a rapid rattling of
restricted amplitude, corresponding to phenol and catechol
molecules interacting via hydrogen-bonding with the acid
sites of the zeolites. This motion had a higher contribution
in the catechol system relative to phenol, consistent with
more frequent interactions with the acid sites promoted by
its extra OH group. The D’ associated with this localised
and very restricted second motion was calculated to be of

@ Springer

values are listed in Table 3. The lower and upper limits of D} are
represented by grey dashed lines, with the numeric values stated in
each plot (s!). From left to right, phenol in all-silica Beta, catechol
in all-silica Beta, phenol in H-Beta and catechol in H-Beta

the order of 10'2s~!, which is too fast to be observed within
the experimental time window.
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