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Probing atomic positions of adsorbed ammonia
molecules in zeolite†

Lin Ye,‡a Benedict T.W. Lo,‡a Jin Qu,a Ian Wilkinson,b Tim Hughes,b

Claire A. Murray,c Chiu C. Tangc and Shik Chi Edman Tsang*a

Atomic positions and interactions between adsorbed guest molecules,

such as ammonia in H-ZSM-5 microporous solids, are for the first time

revealed by making use of the change in the periodical scattering

parameter using in situ synchrotron powder X-ray diffraction

combined with refinement within experimental errors.

The catalytic production of ammonia from nitrogen and hydrogen
by the Haber–Bosch process is the second largest industrial
chemical manufacturing process in global trade. The main drivers
are for the agricultural sector as fertilizer and for industrially
diverse applications as an enabling chemical.1,2 Particularly, the
ability to cleanly combust ammonia opens up the possibility of
ammonia as a carbon-free fuel. This offers an exciting potential
for ammonia to be used to store energy with better energy
density factors than liquid hydrogen.3,4 An established logistics
chain for worldwide trading and transportation of ammonia
already exists. Compressed liquefied ammonia is a current solution
for ammonia storage and transportation, but it is not for long term
applications as ammonia is toxic and corrosive. (The choice, cost,
weight and designs of container and the associated health and
safety issues will reduce the attractiveness of using liquefied
ammonia as fuel for small vehicles.) Recently, porous metal
organic frameworks (MOFs),5 porous covalent organic frameworks
(COFs)4 and porous silica materials (zeolites)3 are empirically used
to store ammonia molecules reversibly. These materials show great
storage performance by using Lewis acid (boron) sites or Brønsted
acid (hydroxyl) sites to interact with the basic ammonia molecules.
They may also be used to store ammonia as a selective reductant
for deNOx for both stationary and mobile applications.6–8 At the

ammonia release step, some ammonia could come out under low
energy input conditions, but some may need high temperature with
no rationalization; and the highest ammonia uptake (15 mmol g�1)
achieved to date is still not satisfactory for industrial requirements.
Elucidating fundamental interaction(s) between adsorbed molecules
(ammonia) and porous frameworks is thus critical for improved
storage. Additionally, porous zeolites, with Brønsted acid sites
with various pore sizes, are excellent catalysts for organic molecules
for numerous industrial processes9–11 but adsorption structures are
not known.

In the case of ammonia storage over porous materials, NH3-TPD
was used to characterize the amount and the strength of ammonia
adsorption roughly. By combining NH3-IR and calculations, the
formation of NH4

+�nNH3 (n Z 1) was detected in zeolitic materials,
when NH3/Al used was greater than 1.12,13 However, these measure-
ments were neither able to provide atomic coordinates of the
adsorbates nor reflecting the nature of interactions. Currently,
powder X-ray diffraction (PXRD) and state-of-the-art instrumentation
using synchrotron radiation have greatly progressed, to the stage
that they can be used to identify the molecular species trapped in
crystalline MOFs.14 H-ZSM-5 is a crystallite form of zeolite which
contains definitive Brønsted acid sites15,16 that would form strong
interactions with ammonia molecules. The small cavity within this
framework will also allow ammonia–ammonia interaction(s) at high
loading of ammonia uptake. However, it is difficult to distinguish
Al and Si in the framework of H-ZSM-5 due to similar electron
densities, which makes the determination of the locations of
acid sites and the interactions of these sites with ammonia
challenging.17,18

In this work, H-ZSM-5 containing one Brønsted acid site per
symmetric segment is carefully chosen as the model for studying
the ammonia sorption properties. By using in situ synchrotron
PXRD combined with Rietveld refinement, the bonding geometries
of the adsorbed nitrogen groups (ammonia) with respect to the
internal surface oxygen groups of Brønsted acid sites can be probed
within experimental errors. Together with ssNMR, TG-DTG and
theoretical calculations, it is revealed that nitrogen (ammonia)
adsorption takes place favourably in close proximity to the O5
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and O18 linked by T6 (Al). (Wyckoff position 8d) of the zeolite. This
suggests that the lone pair electrons of nitrogen from the basic
ammonia molecule capture the acidic proton to form bidentate
NH4

+ between O5 and O18 sites through the relative strongest
interaction with the shortest bond distance (O� � �+HN). With typical
hydrogen bonding interactions and geometries (N–H� � �N of medium
bond distance) two more ammonia molecules can also be attached
to the former NH4

+ species at high ammonia loading. Finally, some
physisorbed ammonia molecules (N–H� � �O) with the longest dis-
tance with respect to the internal framework surface dependent on
the spatial geometry of the zeolite, applied ammonia pressure, and
temperature can be presented in the straight channels of H-ZSM-5.
The ammonia desorption profile monitored by thermogravimetry
and the related technique (TG-DTG) reflects the three different
ammonia species with different interactions in a quantitative
manner. It clearly demonstrates that this study can gain under-
standing of internal topology of porous structures and molecular
adsorbates at atomic level, which may lead to a rational design of
next generation of highly selective adsorbents and catalysts.

H-ZSM-5 with low but controlled Al content was provided
by SINOPEC, China. The calculated ratio of Si to Al is 19.25
from ICP, thus the formula of H-ZSM-5 could be written as
H4.74Al4.74Si91.26O192. TEM and SEM images show that H-ZSM-5
has a uniform morphology (Fig. S1, ESI†). The diameters of the
H-ZSM-5 particles are around 2 mm. The HRTEM lattice pattern
shows a crystalline framework of H-ZSM-5 (Fig. S1, ESI†). The
distance between each parallel line is 1.1 nm, which corresponds
to the d spacing of the (101) phase in H-ZSM-5 (space group:
Pnma). In addition, the BET surface area of H-ZSM-5 is 330 m2 g�1

(Fig. S2, ESI†).
Since a Brønsted acid site is generated by the substitution of

silicon with aluminium in the framework, the acidity of H-ZSM-5
is associated with the concentration and location of aluminium
in the structure. Solid state 27Al and 31P MAS NMR measurements
at 12 Hz have been used to determine the coordination number
of aluminium and the acidity of H-ZSM-5. 27Al MAS NMR (Fig. 1a)
shows two chemical shifts at 1 ppm and 56 ppm, which have
been assigned to six coordinate non-framework aluminium
species (possible Lewis acid sites) and four coordinate framework
aluminium species (Brønsted acid sites), respectively.19 The
intensity of the peak at 56 ppm is significantly larger than that
of the peak at 1 ppm reflecting the dominance of the framework
Al species. By comparing the peak areas, the ratio of the four coor-
dinate framework aluminium and the six coordinate non-framework

aluminium is 17. The difference indicates that of the 4.48 framework
Al per unit cell in the structural formula, which constitutes Brønsted
acid sites (which correspond to B1 Al per symmetrical segment),
only 0.26 Al per unit cell randomly exists as non-framework species.

Assuming that all the four coordinate framework aluminium
atoms are exposed, the amount of Brønsted acid sites is calculated
to be 0.78 mmol g�1. For the 31P MAS NMR measurement using
trimethyl-phosphine (TMP) as a chemical probe (Fig. 1b), there is
only one sharp peak at �4 ppm corresponding to the typical TMP
adsorption on the Brønsted acid site20 after the desorption of excess
physisorbed and weakly chemisorbed TMP on Lewis acid sites
(Fig. S3, ESI†). The amount of Brønsted acid sites estimated is deter-
mined to be 0.76 mmol g�1, taking the calibrated peak area of 31P
MAS NMR into account. Consistent with the 27Al MAS NMR result,
the Brønsted acid sites indeed dominate the acidity of H-ZSM-5.

In this study, in situ synchrotron PXRD of ammonia adsorption
and desorption is successfully applied to locate adsorbed ammonia
with respect to the position of Brønsted acid sites; their inter-
atomic distances reflect the nature and strength of interactions
between adsorbed ammonia and Brønsted acid sites in H-ZSM-5.
All data have been refined by the Rietveld method21 using TOPAS
refinement software (Bruker AXS, version 4.2); see analytical details
in the ESI.†

Comparing the ammonia-free and ammonia absorbed H-ZSM-5,
it was found that the relative intensity of the peaks increases upon
addition of ammonia, but without significant peak broadening
(Fig. 2a). The refinement result with acceptable R-factors clearly
shows that the space group of the sample still remains as Pnma.
According to the Fourier map of ammonia absorbed H-ZSM-5
at room temperature (Fig. S4 and Table S1, ESI†), 4 ammonia
positions in both sinusoidal and straight channels are identified in
the H-ZSM-5 framework. Therefore for every Brønsted acid site or Al
site, three adsorbed ammonia molecules along the sinusoidal
channel and one deep in the straight channel are located at room
temperature (Fig. 2b and c). Although the uncertainty errors in the
atomic positions of adsorbed ammonia molecules are higher than
those of rigid structural elements (O, Si) due to intrinsic higher
degrees of freedom and higher isotropic temperature factors, Beq

(Tables S2–S5, ESI†), the generally low but acceptable Rwp and Beq

values with a closely fitted pattern suggest a good quality of
refinement. This indicates the reliability of the atomic positions
within experimental errors. As mentioned in the Methods section,
more than 4000 independent hkl reflections have been used for the
calculations, which allow a greater number of structural variables
(less than 150 in the refinements) to be refined in a satisfactory
manner. Due to the low electron density of H atoms, it is not
possible to directly visualize them. However, the lone pair of
nitrogen in ammonia to act as a Brønsted base bind on the
proton of Brønsted acid site to form NH4

+ species through the
O� � �+HN interaction, so the closest N–O (framework) distance
will reflect the Brønsted acid site in the periodic structure. The
refinement of ammonia adsorbed H-ZSM-5 at room temperature
shows the closest N1–O5 and N1–O18 distances to be 3.358(12) Å
and 3.460(12) Å, respectively (almost bidentate within error). The
N–N distances among these four adsorbed ammonia molecules are
N2–N1 3.430(12) Å, N3–N1 3.835(27) Å and N4–N3 4.358(9) Å,

Fig. 1 Solid-state MAS NMR. (a) Solid-state 27Al MAS NMR spectrum of
H-ZSM-5. (b) Solid-state 31P MAS NMR spectrum of TMP adsorbed on
H-ZSM-5. The asterisk denotes a spinning sideband.
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respectively (Tables S6 & S16 and Fig. S6, ESI†). By using inter-
atomic distance analysis (Section S5.2, ESI†), it has been observed
that the NH4

+ interacts equally at the O5 and O18 positions through
the relatively strong interaction in the periodic structure. Clearly,
the Al site is at the T6 of the O5–T6–O18 position. N2–N1 and
N3–N1 are associated with typical hydrogen bonding interactions
and geometries of (N–H� � �N) with medium strength, while the
longest N4–N3 distance shows almost no formal bonding inter-
action between N4 and N3 ammonia molecules. Therefore, N4 is
likely to have arisen from physisorption of ammonia in the straight
channel through the weak interaction with the internal surface
(N–H� � �O).

Additionally, force field calculation based on the potential
energy of atoms was attempted to determine the preferred positions
of adsorbed ammonia molecules in the channels of H-ZSM-5
although more rigorous modelling (e.g. DFT, QM/MM, ONIOM) at
quantum mechanical level may also be used. In this work, the
force field of COMPASS27 and the method of minimization were
used to calculate the framework energy for ammonia adsorbed
H-ZSM-5 by the Forcite modules in Materials Studio v6.0. The
preliminary calculation result is clearly consistent with the refine-
ment result of synchrotron PXRD (Fig. 2d). It has also been
demonstrated that there are indeed three ammonia molecules
along the sinusoidal channel and one ammonia molecule in the

straight channel. Due to the absence of thermal factors in the
theoretical calculations (set at 0 K) and selected part of unit cell in

Fig. 2 Synchrotron PXRD patterns and refined NH3 positions in the channel of
the H-ZSM-5 structure. (a) Diffraction patterns before and after ammonia
adsorption in H-ZSM-5 at room temperature. (b) The refined structure of
ammonia adsorbed H-ZSM-5. The framework of H-ZSM-5 is depicted using
the stick model, with red representing O and grey representing Si. The T6 (Al)
atoms are highlighted using green color and the N of NH3 is represented by
blue balls, shown with the symmetric appearance of ammonia and T6 (Al). View
down y-axis (sinusoidal channels along the x-axis and straight channels along
the y-axis). (c) Detailed view of one acid site of the ammonia adsorbed H-ZSM-5.
There are four ammonia molecules for one acid site: N1, N2 and N3 in the
sinusoidal channel and N4 in the straight channel. (d) Force field calculation of the
preferred ammonia positions. The same T6 (Al) site position is assumed (green
color). The calculation shows that N1 and N2 are in the sinusoidal pore, N3 is in
the sinusoidal/straight channel intersection and N4 is in the straight channel.

Fig. 3 In situ synchrotron PXRD patterns of ammonia desorption from
H-ZSM-5 at various temperatures with reference to TG-DTG patterns at
various ramping rates. (a) Diffraction patterns of ammonia desorbed from
H-ZSM-5 at various temperatures (RT to 400 1C). (b) The refined structures
of ammonia adsorbed H-ZSM-5 at various temperatures (Tables S11–S15
and Fig. S9–S12, ESI†). The framework of H-ZSM-5 is depicted using the
stick model, with red representing O and grey representing Si. The T6 (Al)
sites are highlighted using green color and the N of NH3 by blue balls.
There are three T6 (Al) sites exhibited, without the symmetric appearance
of ammonia and T6 (Al) sites. View down z-axis (sinusoidal channels along
the x-axis and straight channels along the y-axis). The distances and site
occupancy factors of O5–N1 & O18–N1 (SOF N1), N2–N1 (SOF N2),
N3–N1 (SOF N3) and N4–N3 (SOF N4) are listed with each temperature.
(c) TG-DTG of ammonia desorption at different ramping rates.
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the theoretical calculations, there is ca. 10% deviation in the inter-
atomic distances between the adsorbed ammonia molecules and
Brønsted acid sites from those of Rietveld analysis at room
temperature (Table S7, ESI†).

To study the interaction energies between ammonia-Brønsted
acid sites and ammonia–ammonia, in situ synchrotron PXRD and
temperature programmed ammonia desorption TG-DTG were
employed. The ammonia desorption curve of H-ZSM-5 monitored
by TG weight lose upon programmed heating until completion at
400 1C is shown in Fig. S7 (ESI†). It corresponds to 3.13 mmol g�1

ammonia molecules desorbed from 25 to 400 1C, which equals 18
ammonia molecules that are dwelling in the H-ZSM-5 cavity per unit
cell. The excellent matches of the number of residual ammonia
molecules per unit cell at RT, 100 1C, 200 1C, 300 1C and 400 1C
derived from TG with the site occupation factor (Table S8, ESI†),
SOF, values of ammonia derived from the Rietveld refinements
(taken symmetry into account) in the in situ synchrotron PXRD data
are noted. This clearly indicates that the SOFs and the goodness
of fittings of the Rietveld analysis are of high quality. With the
increase in temperature, ammonia desorption increases and the
relative intensity ratio of the peaks progressively decreases as
observed from the in situ synchrotron PXRD patterns (Fig. 3a). In
general, Rietveld analysis suggests that the distances between
ammonia–Brønsted acid sites and ammonia–ammonia both
increase as temperature increases (Table S16, ESI†). The refinement
results clearly illustrate the decreasing numbers of residual ammonia
molecules in H-ZSM-5 at different temperatures (Fig. 3b). Before
200 1C, nearly all physisorbed ammonia and intermolecular
H-bonding linked ammonia having weak interactions are readily
desorbed from H-ZSM-5, but a higher temperature with a higher
energy input is needed to release the remaining strong Brønsted
acid–base adduct NH4

+ species bound directly on the framework.
Similarly in Fig. 3c, there are three distinctive peaks in the DTG
curve, which represent the three different types of ammonia mole-
cules desorbed from H-ZSM-5. By applying different ramping rates,
the desorption energies of the peaks have been determined to be
7 kJ mol�1, 21 kJ mol�1 and 113 kJ mol�1 for peaks I, II and III,
respectively (Fig. S8 and Table S9, ESI†). This corresponds well with
the expected activation barriers for the in situ synchrotron PXRD
experiment for very weak interactions (N–H� � �O), hydrogen bonding
(N–H� � �N), and strong Brønsted acid–base adduct formation
(O� � �+HN) (Table S10, ESI†).22 Although the values may not be taken
too literally especially the immediate desorption for weakly bound
molecules under 50–40 kJ mol�1 and possible small water molecule
contamination could introduce small errors, the TG-DTG result agrees
excellently with the conclusion of the in situ synchrotron PXRD.

In conclusion, ammonia storage in H-ZSM-5 depicts the strong
interaction of ammonia with the Brønsted acid site to form NH4

+

species (O� � �+HN). Due to the steric effect, other two ammonia
molecules are allowed to interact with this species only through its
unused hydrogen moieties to form typical hydrogen bonding
(N–H� � �N) along the sinusoidal channel. An additional ammonia
molecule is weakly adsorbed on the internal surface of H-ZSM-5 in
the deep straight channel through (N–H� � �O) at room temperature.
With increasing temperature, ammonia molecules will desorb
according to their strength of interactions resulting in the typical

three desorption peaks. We believe that such atomic coordination
analysis unprecedentedly achieved in the present case could provide
fundamental rationalization as to why multiple release steps are
frequently observed in many reported ammonia storage materials
in forms of physisorption, intermolecular H-bonding, acid–base
adducts, etc. In order to characterize the H positions to further
elucidate the structures of the adsorbed ammonia molecules within
H-ZSM-5, neutron diffraction will be carried out.

As far as ammonia storage is concerned, larger fractions of
ammonia characterized with physisorption and H-bonding inter-
actions could be made available by relatively low energy input/output
if they are stored in materials with larger voids/channel dimensions.
However, increasing the number of Brønsted active sites in the
material synthesis is essential to hold the first adsorption layer of
ammonia before further ammonia molecules are taken up through
the H-bonding network. To render the strongly bound ammonia
available for recyclable ammonia storage, much higher energy input
would be required. Meanwhile, tuning the acidity of active sites
relative to the framework structure and their spatial arrangement
with ammonia could be a method to reduce the energy-cost of the
desorption process. In addition to this study of ammonia dwell sites,
we believe that the generic establishment of the atomic positions of
adsorbed molecules in H-ZSM-5 and the related structures by this
new technique may help chemists to understand the catalytic
reactions in a confined space, which should be further explored.
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