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Abstract
Methanol dynamics in zeolite H-ZSM-5 (Si/Al of 25) with a methanol loading of ~ 30 molecules per unit cell has been studied 
at 298, 323, 348 and 373 K by incoherent quasi-elastic neutron scattering (QENS). The elastic incoherent structure factor 
(EISF) reveals that the majority of methanol is immobile, in the range between 70 and 80%, depending on the measurement 
temperature. At 298 K, ≈ 20% methanol is mobile on the instrumental timescale, exhibiting isotropic rotational dynamics 
with a rotational diffusion coefficient (DR) of 4.75 ×  1010  s−1. Upon increasing the measurement temperature from 298 to 
323 K, the nature of the methanol dynamics changes from rotational to translational diffusion dynamics. Similar translational 
diffusion rates are measured at 348 and 373 K, though with a larger mobile fraction as temperature increases. The transla-
tional diffusion is characterised as jump diffusion confined to a sphere with a radius close to that of a ZSM-5 channel. The 
diffusion coefficients may be calculated using either the Volino–Dianoux (VD) model of diffusion confined to a sphere, or 
the Chudley–Elliot (CE) jump diffusion model. The VD model gives rise to a self-diffusion co-efficient (Ds) of methanol in 
the range of 7.8–8.4 ×  10–10  m2  s−1. The CE model gives a Ds of around 1.2 (± 0.1) ×  10–9  m2  s−1 with a jump distance of 2.8 
(either + 0.15 or − 0.1) Å and a residence time (τ) of ~ 10.8 (either + 0.1 or − 0.2) ps. A correlation between the present and 
earlier studies that report methanol dynamics in H-ZSM-5 with Si/Al of 36 is made, suggesting that with increasing Si/Al 
ratio, the mobile fraction of methanol increases while DR decreases.
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1 Introduction

Zeolite ZSM-5 plays a crucial role in many commercial pet-
rochemical and environmental processes due to its unique 
porous architecture and chemical/catalytic properties [1]. 
Some prominent examples of these processes include metha-
nol to hydrocarbons, hydrocracking and alkylation [1–6]. In 
microporous catalytic processes, transportation of reactants 
and/or products to and from the active Brønsted acid site, 
located within the zeolite pores with distinct pore archi-
tecture, involves adsorption, diffusion and then reaction of 
molecules at the active site. Therefore, in the case of the 
widely studied methanol to hydrocarbon (MTH) catalysis, 
diffusion of methanol and products is one of the key fac-
tors for an efficient catalytic process [7]. The knowledge of 
adsorption geometry, diffusion characteristics and reactivity 
of diffusing molecules within the zeolite pores will help to 
design and tailor the porous architecture that favours the 
processes [7–9].
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The diffusion properties of molecules within catalyst pores 
are measured by different techniques which are broadly clas-
sified into (i) macroscopic and (ii) microscopic [10, 11]. Tra-
ditionally employed macroscopic techniques include steady-
state permeation, sorption-uptake, chromatography and zero 
length column methods which are often limited by external 
heat and mass transfer and response time. Microscopic tech-
niques, however, are capable of measuring diffusivity over 
much shorter time and length scales than is possible with 
macroscopic techniques. They include pulsed field gradient 
nuclear magnetic resonance (PFG-NMR) and quasi-elastic 
neutron scattering (QENS). QENS enables measurement of 
dynamical processes over a lengthscale of 0.1–100 nm and 
time scales of 10 fs–100 ns [11, 12]. Whereas, PFG-NMR 
probes with a length scale of 0.1–1 μm and time scales in the 
order of 1 ms resolution [11]. Moreover, QENS data can be 
simulated by molecular dynamics (MD) which sample simi-
lar time and length scales [11–13]. Applications of QENS in 
the field of heterogenous catalysis are limited and only a few 
QENS studies on methanol diffusion in ZSM-5 (with a com-
parable Si/Al ratio of 30) have been reported. It is notable that 
differing conclusions can be found depending on resolution/
energy window of the instrument and methanol loading used 
even in zeolites with comparable Si/Al ratios. [14–17]. For 
example, one study concluded that methanol diffuses along 
the ZSM-5 channels with a diffusion coefficient in the order of 
 10–11  m2s–1 using the high resolution IN10 instrument at ILL, 
Grenoble [14], while other studies employing lower resolution 
spectrometers (with wider energy windows) were not able to 
observe long range methanol diffusion [15–17]. We note that 
these measurements were conducted on different instruments 
with varied instrument resolutions [14–17].

The objective of the present work is to utilise QENS (meas-
ured employing the instrumentation at ISIS Neutron and Muon 
Source at Harwell, UK) to study methanol diffusion dynamics 
in zeolite H-ZSM-5 (Si/Al = 25) as a function of temperature. 
A comparison with previously reported studies enabled us to 
assess the effect of Si/Al ratio on methanol diffusion dynam-
ics in ZSM-5. The results show that the methanol mobility is 
more restricted in the zeolite studied here than that reported 
previously with a higher Si/Al ratio (Si/Al ≥ 30), especially at 
room temperature, in line with the higher acid site density of 
this zeolite.

2  Experimental

2.1  Zeolite H‑ZSM‑5

The  NH4-ZSM-5 zeolite (Si/Al = 25) was procured from 
Zeolyst International, Inc. The zeolite was calcined in air at 
500 °C for 24 h to remove residual template and to obtain 
H-ZSM-5. Prior to the  quasi-elastic neutron scattering 

(QENS) experiments, the zeolite was dehydrated under 
vacuum  (10–3 to  10–4 mbar) at 350 °C for 12 h and thereaf-
ter handled in an argon-filled glovebox. For the methanol 
loaded samples, methanol (Sigma-Aldrich, ≥ 99.9%) load-
ing was conducted at room temperature by flowing dry  N2 
(100 mL  min−1) through a methanol saturator that consisted 
of a Dreschel bottle at the same temperature [18]. The load-
ing was continued until there was no further uptake by the 
zeolite (gravimetrically determined) and resulted in a metha-
nol loading of around 30 molecules per unit cell (i.e., ≈ 7.5 
molecules per acidic site) [18]. The thin walled aluminium 
containers of annular geometry were loaded with zeolite 
under an argon atmosphere in the glovebox.

2.2  Quasi‑elastic neutron scattering (QENS)

The zeolite H-ZSM-5 with and without methanol loading 
were analysed by QENS using the time-of-flight backscat-
tering OSIRIS spectrometer at the ISIS Facility (STFC 
Rutherford Appleton Laboratory, Chilton, UK) [16,17 and 
references therein]. The sample container was placed in a 
top loading closed cycle refrigerator and a resolution meas-
urement of each undosed (i.e., without methanol) zeolite 
sample was obtained at a base temperature of around 10 K. 
QENS measurements were then subsequently conducted at 
298, 323, 348 and 373 K on both zeolites with and without 
the methanol load. The QENS data collected without metha-
nol loading were subtracted from the data obtained with the 
loaded zeolite. The zeolite with the methanol load measured 
at base temperature was used as the instrumental resolu-
tion function for data fitting. Pyrolytic graphite 002 analyser 
crystals were used which resulted in an energy resolution 
of 24.5 μeV with energy transfers measured in a window 
of ± 0.55 meV and with a Q range of 0.2–1.75 Å−1. The 
data reduction was performed using the MantidPlot software 
[19]. The data fitting was conducted by the neutron scatter-
ing analysis software DAVE (version 2.2) [20].

3  Results and discussion

3.1  Methanol diffusion dynamics at 298 K

The experimental QENS data collected at all studied 
temperatures were fitted to the combination of a delta 
function, a single Lorentzian function that accounts for 
the quasi-elastic broadening of the scattering function 
and a linear background function convoluted with the 
resolution data measured at 10 K. Selected QENS data 
at 298 K are plotted as a function of momentum trans-
fer (Q) in Fig. 1a, along with the Lorentzian function 
and the total fit. There is a significant elastic component 
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(intensity within the width of the instrumental resolution) 
which is particularly high at low Q values. This intensity 
decreases with increasing Q, and the intensity of the quasi-
elastic component fit by the Lorentzian function increases 
(becoming particularly significant above 0.9 Å−1) which 
is typically observed for methanol loaded H-ZSM-5 [17]. 
In general, methanol mobility over a longer length scale, 
i.e.  translational diffusion, can be expected at lower Q 
(< 1 Å−1), while higher energy localised methanol dynam-
ics such as rotational motions can be anticipated at higher 
Q values (> 1 Å−1) [11–13]. The significant decrease in 
elastic intensity at higher Q indicates the observation 
of localised methanol dynamics [17, 21]. A large elas-
tic peak intensity at lower Q between 0.24 and 0.9 Å−1 
reflects the absence of longer range translational dynamics 
of methanol (within the instrumental time resolution of 
≈ 1–100 ps) [17, 21]. Indeed, at lower Q, the resolution 
function mainly describes the data, suggesting that the 
quasi-elastic component, characterised by the Lorentzian 
function is not significant (see Fig. S1, Supplementary 
Information (SI)). This observation is in line with previ-
ous work that reported no quasi-elastic broadening of the 
signal of methanol loaded H-ZSM-5 at room temperature 
(certainly at low Q), though the methanol loading and Si/
Al ratio of H-ZSM-5 differ slightly among the reports 
[14–17, 21].

The significant elastic intensity is attributed to the immo-
bile methanol due either to hydrogen bonding [14–16] or 
methoxylation [16]. Indeed, complementary diffuse reflec-
tance infrared Fourier transformed spectroscopy (DRIFTS) 
studies show that both hydrogen bonded methanol and meth-
oxy species are present under these experimental conditions 

[18, 22]. Besides immobile methanol, the presence of a frac-
tion of locally mobile methanol is also reported previously 
[14, 17, 21] by analysing the elastic incoherent structure 
factor (EISF), which is the ratio between the elastic peak 
intensity and total peak intensity [11–14, 17, 21]. Such local-
ised methanol dynamics can be characterised by different 
theoretical models that are discussed in detail in references 
[11–14, 17, 21]. Briefly, the models include whole mole-
cule isotropic rotation [23], translational diffusion confined 
within a sphere (Volino–Dianoux model) [24] and 3-site 
jump rotation of the methyl groups [17, 21]. Based on these 
models, the experimental EISF is analysed. It is important 
to note that the use of the 3-site jump rotation model can 
only be applied with a maximum 75% of the protons treated 
as mobile, as we assume the hydroxyl proton would be 
anchored to a Brønsted acidic site. The experimental EISF 
is plotted in Fig. 1B and decreases with increasing Q. The 
absolute intensity decay as a function of Q is around 20%, 
which is around 50% lower than those reported previously 
[17, 21]. It suggests that the localised methanol dynam-
ics are even more restricted in a H-ZSM-5 sample with Si/
Al = 25 than in previously reported samples with lower alu-
minium content (Si/Al > 30). Indeed, simple models with a 
mobile fraction of 0.75 assigned to 3-site model, as noted 
earlier, could not fit the experimental EISF, due to the fact 
that the methanol loaded H-ZSM-5 may show significant 
interactions with acid sites at room temperature as evident 
from QENS and also from inelastic neutron scattering (INS) 
and DRIFTS [16, 18, 22]. Therefore, the effective EISF is 
considered to include a fraction of immobile methanol in 
the models as detailed in previous studies [17, 21]. Mod-
els, with the static fraction included are now compared with 

Fig. 1  A QENS spectra of methanol loaded  H-ZSM-5 at 298  K. 
Experimental data (filled circles), total fit (solid black line) and the 
Lorentzian function (red). Selected spectra are shown for clarity. B 
The corresponding experimental elastic incoherent structure fac-
tor (EISF) data (green diamond symbols) of methanol in H-ZSM-5 

at 298 K are compared with different theoretical models that are dis-
cussed in detail in [11–14, 17, 21]. The experimental EISF values at 
Q between 1.58 and 1.67 are not included in B panel due to contribu-
tions from Bragg peaks
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the experimental EISF in Fig. 2A. For the 3-site model, we 
again assume a mobile fraction of 0.75.

It can be readily seen that the experimental EISF now 
adequately fits to the isotropic methanol rotation model 
with a mobile fraction of 21%, which is 50% lower than 
that reported in H-ZSM-5 with Si/Al of 30 (with mesopores 
present due to dealumination) and 36 [17, 21]. The 3-site 
‘methyl’ jump rotation model fails to fit the data, even 
when only a fraction of methyl protons is considered as 
mobile, while translational diffusion of methanol in a con-
fined spherical volume (with a radius of 2.75 Å) model 
shows a potential agreement with the experimental EISF. 
However, analysis of quasi-elastic broadening of the spec-
tra by plotting the full width at half maxima (FWHM) of 
the Lorentzian function with  Q2 as in Fig. 2B suggests we 
are more likely observing isotropic methanol rotation, the 
model of which is also shown to fit the experimental EISF. 
The FWHM appear to be  Q2 independent, which is char-
acteristic of localised dynamics where the Q resolution is 
insufficient to distinguish motion in real space, such as iso-
tropic rotation, but not of longer range translational diffusion 
whether it be Fickian in nature, jump diffusion or confined 
to a spherical volume [17, 21]. The FWHM give rise to an 
isotropic methanol rotational diffusion coefficient (DR) of 
4.75 ×  1010  s−1 similar to that reported in [21], which is of 
the same order of magnitude as reported previously [17].

3.2  Methanol diffusion dynamics at higher 
temperatures

QENS spectra collected at 323 K are plotted together with 
the Lorentzian function and the total fit as a function of Q 
in Fig. 3A (for more clarity see Fig. S2 in SI). The elastic 
intensity decreases with increasing Q, as observed at 298 K 

(Fig. 1A). As expected, the individual theoretical models 
alone could not fit the experimental EISF. Therefore, the 
effective EISF which includes an immobile methanol frac-
tion in the models is considered and compared in Fig. 3B. 
The isotropic methanol rotation and the 3-site methyl jump 
rotation models fail to fit the experimental EISF, while the 
model of translational diffusion confined to a sphere fits 
the data very well with a spherical radius of 2.75 Å, and a 
mobile methanol fraction of 22% (Table 1). 

It is noteworthy that the methanol dynamics have 
changed from rotational to translational diffusion on 
increasing the measurement temperature from 298 to 
323  K, which is in line with the previously observed 
temperature dependent methanol dynamics [17, 21]. 
Interestingly, the mobile fraction of 22% is similar to 
that observed at 298 K, although the fraction is derived 
from two different models (confined diffusion vs rota-
tional model) suggesting that very little extra methanol 
has become mobile with this temperature increase, but 
the amount that is mobile, has switched from rotational 
to translational motions as observed previously [21]. The 
same Volino–Dianoux (VD) [24] confined diffusion model 
indicates that the mobile fraction increases with increasing 
measurement temperature from 323 K to 348 and to 373 K, 
as expected (Table 1) and the model fits the data very 
well (Figs. S3 and S4, see Supplementary Information). 
Upon analysing the half width half maxima (HWHM) of 
the Lorentzian function as a function of  Q2 (Fig. 3C), it 
is found that the broadenings fit to the Chudley–Elliot 
(CE) jump diffusion model (the fitting parameters of 
which will be discussed shortly) [25]. However, it is also 
observed that the HWHM deviates from this model and 
plateaus below  Q2 = 1.3 Å−2. This observation is consist-
ent with jump diffusion confined to a sphere, as has been 

Fig. 2  A Experimental EISF data of methanol in H-ZSM-5 at 298 K, 
modelled by including a fraction of immobile methanol in different 
theoretical models. The mobile methanol fraction is shown in paren-
thesis and the radius of the confined spherical radius of 2.75 Å is con-
sidered. The EISF values at Q between 1.58 and 1.67 are not con-

sidered due to contribution from Bragg peaks. B The FWHM of the 
Lorentzian function is plotted as a function of  Q2. The FWHM values 
at 2.52, 2.79 and 3.03  Å−2 are discounted due to contribution from 
Bragg peaks
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Fig. 3  A QENS spectra of 
methanol in H-ZSM-5 at 
323 K. Experimental data 
(filled circles), total fit (solid 
black line) and the Lorentz-
ian function (red). Selected 
spectra are shown for clarity. 
B Experimental EISF data 
of methanol in H-ZSM-5 at 
323 K, modelled by including a 
fraction of immobile methanol 
in different theoretical models. 
The mobile methanol fraction 
is shown in the parenthesis 
of panel (B) and a confined 
volume radius of 2.75 Å is used. 
C The Q independent at lower 
Q (< 1.25  Q2) represents the 
HWHM of the Lorentzian func-
tion that fits reasonably well to 
the Volino–Dianoux confined 
diffusion model. The Q depend-
ence of the Lorentzian function 
HWHM at higher Q > 1  Q2) fits 
well to the Chudley–Elliot jump 
diffusion model. The  Q2 value 
corresponding to the 2.75 Å 
radius of the confined sphere of 
the Volino–Dianoux model is 
indicated by the dashed black 
vertical line. EISF (B) and 
HWHM (C) values at Q of 1.58 
and 1.67 are not considered 
due to contribution from Bragg 
peaks
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previously observed in studies of both methanol in ZSM-5 
at higher Si/Al ratios [21] and ammonia in smaller pore 
LEV zeolites [26]. According to the VD model of diffu-
sion confined to a sphere, the plateau occurs at a Q value 
corresponding to the diameter of the sphere of confine-
ment and the energy value at this plateau point and below 
corresponds to the self-diffusion coefficient (Ds) [24]. In 
the present study the plateau point at  Q2 = 1.3 Å−2 is con-
sistent with a confining sphere with a radius of around 
2.75  Å, which matches the pore diameter of 5.5  Å in 
zeolite H-ZSM-5. The model indicates the  Q2 value of 
plateauing at and below 1.3 Å−2, which is indicated by a 
dashed black line in Fig. 3C. The Ds from the fitting of the 
low Q broadenings using the VD model is calculated to be 
9.2 ×  10−10  m2  s−1 (Table 1), of a similar magnitude with 
previous work [21]. The Ds values derived for the data 
collected at 323, 348 and 373 K are too close (Table 1) to 
extract a reliable activation energy  (Ea) for the confined 
methanol diffusion, unlike the analysis reported in [21].

As mentioned, the HWHM above  Q2 = 1 (Å−2) (Fig. 3C) 
may be fit to the CE model of jump diffusion, again, consist-
ent with jump diffusion confined to a spherical volume. The 
fitting of this jump model with a jump distance of around 
2.7 Å with a residence time of ~ 11 ps at all temperatures 
(Table 1). One may also calculate the self-diffusion coef-
ficient using the jump parameters stated here using the rela-
tion outlined in [11, 14]. The predicted residence time (τ) 
and self-diffusion co-efficient (Ds) are tabulated in Table 1 
and are very similar at all temperatures. However, we note 
that the mobile fraction increases from 22 to 32% from 323 
to 373 K. We also note that the jump distance and residence 
time are slightly longer and lower, respectively, than that 
reported for zeolite H-ZSM-5 with Si/Al of 36 at comparable 
temperatures [21].

Based on the comparison with previous studies on 
H-ZSM-5 with Si/Al of 30 [17] and 36 [21], a correlation 
between the methanol mobile fraction (%) and rotational 
diffusion coefficient  (DR) as a function of Si/Al ratio is plot-
ted in Fig. 4. It is evident that the mobile fraction increases 
and isotropic methanol rotational diffusion coefficient (DR) 
decreases with increasing Si/Al ratio of H-ZSM-5 from 25 
[present study] to 30 [17] and to 36 [21] (Fig. 4), which is 
attributed to the acid site density of the zeolites; the higher 
the acid site density the lower the mobile fraction. However, 
the comparison between zeolites with Si/Al ratio of 25 and 
36 with that of 30 should be treated with caution due to the 
formation of a fraction of larger pores due to dealumina-
tion of H-ZSM-5 during the MTH process and measure-
ment temperature. Nonetheless, the comparison presents a 
clear composition dependent methanol rotational dynamics 
in zeolite H-ZSM-5. In line with this, further increase in Si/
Al of the zeolite from 36 to 135 is shown in previous work 
to have led to a switch from DR to translational diffusion 
dynamics of methanol (Ds) (at a similar methanol loading 
and measurement temperature) [21].

Interestingly, the Ds obtained within a confined spherical 
volume appears to be similar in magnitude in zeolites with 
Si/Al ratio of 25 (Table 1), 36 and 135 [21]; for example, Ds 
of 8.8–9.2 ×  10–10  m2  s−1 observed at 373 K. Computational 
studies are in progress to assess the relationship between Si/
Al ratio of H-ZSM-5 and the longer range translational dif-
fusion of methanol.

4  Summary and conclusions

Methanol diffusion dynamics in zeolite H-ZSM-5 (Si/Al of 
25) with a methanol loading of ~ 30 molecules per unit cell 
have been studied by incoherent quasi elastic neutron scat-
tering (QENS) at 298, 323, 348 and 373 K. The experimen-
tal QENS data fit to a delta function convoluted with the 
resolution data collected at 10 K, a Lorentzian function that 
accounts for the quasi-elastic broadening and a background 
function. Based on the fitting, the following main conclu-
sions can be drawn:

 (i) Methanol diffusion dynamics are, as expected, tem-
perature dependent: the higher the temperature, the 
greater the methanol mobility. However, the majority 
of the methanol in H-ZSM-5 remains immobile, in 
the range of 70–80%, depending on the measurement 
temperature, as shown from the effective elastic inco-
herent structure factor (EISF). At 298 K, around 20% 
methanol is mobile and shows isotropic rotational 
dynamics with a rotational diffusion coefficient (DR) 
of 4.75 ×  1010  s−1. The DR decreases while the mobile 
fraction of methanol increases with increasing Si/Al 

Table 1  Diffusion coefficients and mobile fractions derived from fit-
ting QENS data with different models, for methanol in H-ZSM-5 with 
a Si/Al ratio of 25

a Rotational model
b Confined diffusion Volino–Dianoux model
c Chudley–Elliot jump diffusion model with a jump distance of 2.8 
(either + 0.15 or − 0.1) Å depending on temperature

T (K) Mobile frac-
tion (%)

Self-diffusion co-efficient (Ds), 
 m2/s

Residence 
time (τ), 
 psc

Volino–
Dianoux 
 modelb

Chudley—
Elliot  modelc

298 21a – – –
323 22b 9.2 ×  10–10 1.15 ×  10–9 10.8
348 28b 8.2 ×  10–10 1.2 ×  10–9 10.9
373 32b 9.2 ×  10–10 1.3 ×  10–9 10.6
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ratio of H-ZSM-5 from 25 to 36 as evident from a 
correlation between the present and earlier studies.

 (ii) The nature of methanol dynamics switches from 
rotational to translational diffusion on increasing 
the measurement temperature from 298 to 323 K. 
Translational diffusion dynamics is observed at simi-
lar rates, but with higher mobile populations at 348 
and 373 K. Even at 373 K however, the majority of 
methanol is still immobile (≈ 70%) on the instrumen-
tal timescale.

 (iii) The translational motion is characterised as jump 
diffusion confined to a sphere with a radius of 
≈ 2.75 Å, which matches with the ZSM-5 channel 
size of 5.5 Å. The self-diffusion co-efficient (Ds) may 
be quantified using either the VD model of diffu-
sion confined to a sphere or the CE jump diffusion 
model. Using the VD confined diffusion model to 
fit the plateaued broadenings at low Q, a  Ds of 8.7 
(± 0.5) ×  10–10  m2  s−1 is obtained. The CE jump dif-
fusion model gives a Ds of around 1.2 (± 0.1) ×  10–9 
 m2  s−1 after fitting a jump distance of around 2.8 
(either + 0.15 or − 0.1) Å depending on temperature 
and a residence time (τ) of around 10.8 (either + 0.1 
or − 0.2) ps at temperatures between 323 and 373 K.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11244- 021- 01450-z.
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