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a b s t r a c t

Isotropic chemical shift, a simple and uninterrupted NMR parameter, has been demonstrated to be a viable
spectral scale to measure acid strength of solid acids. Here, the chemical shifts of acetonitrile interacting
with modeled Brønsted acid sites were predicted by means of density functional theory (DFT) calculations.
Results reveal linear correlations between 1H (acidic proton) or 15N chemical shift and proton affinity of
Brønsted acid site, suggesting that the chemical shifts can be used to probe intrinsic Brønsted acid strength
of solid acids. Steric effects of microporous solid acids on 1H and 15N chemical shifts were simulated by
varying H· · ·N distance or orientation of the C N bond in the CH3CN· · ·H+ adsorption complexes. Linear
correlation is obtained between 1H chemical shift and apparent acid strength regardless of the nature of
DFT calculation
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. Introduction

Heterogeneous acidic catalysts such as zeolites, complex metal
xides, and heteropolyacid compounds have been widely used
n environmentally benign synthesis of fine chemicals and petro-
hemicals [1–4]. The catalytic performance of these solid catalysts
epends strongly on their acidity which has been extensively

nvestigated using various analytic techniques, including Fourier
ransfer infrared spectroscopy, temperature-programmed desorp-
ion, photoelectron spectroscopy, microcalorimetry, etc. [4–7].
ecently, solid-state nuclear magnetic resonance (NMR) spec-
roscopy coupled with adsorption of probe molecules has also been
emonstrated to be a viable technique for probing acidity of vari-
us solid catalysts [4,6–11]. For the solid-state NMR approach, the
cid strength of different solid catalysts, especially the Brønsted
cid strength, are often probed through measurement of relevant
H, 13C, or 31P NMR chemical shifts.

1H NMR chemical shift of acidic proton is most often used to
robe acid strength of solid catalysts, which is usually measured
uring adsorption of specific probe molecules, e.g. acetonitrile

nd pyridine (deuterated or undeuterated) [12–15]. It is well
stablished that a downfield 1H (acidic proton) chemical shift of
H3CN· · ·H+ complex induced by interaction between acetonitrile
nd acidic protons indicates stronger acid strength in microp-
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its optimal orientation. The calculation results suggest that combination
n provide additional information on the structure of zeolite framework.

© 2010 Elsevier B.V. All rights reserved.

orous zeolites [12–14]. Chemical shifts of other nuclei, e.g. 13C of
adsorbed 2-13C-acetone, or 31P of trialkylphosphine oxides induced
by interaction with acidic proton are also employed [9–11,16]. Nev-
ertheless, each of these probe molecules has inherent advantages
and disadvantages. For example, 2-13C-acetone is used as probe
molecule that yields a large 13C resonance range (∼30 ppm), but the
S/N ratio of 13C NMR spectroscopy is often reduced by the accom-
panied aldol reaction [9]. Adsorption of trialkylphosphine oxides
on different solid acids can yield 31P resonance of large chemical
shift range (∼40 ppm) without the need of isotope-labeling [16],
but their large molecular size (>5.5 Å) limits their accessibility to
acid sites in some micropores. Moreover, the solvent used in the
adsorption process can be coadsorbed on the surface of solid acids,
and may have undefined effect on the experimental results [17].

Recently, through density functional theory (DFT) theoretical
calculation conducted on seven high-silica zeolites of different
structures with and without adsorption of acetonitrile, Bell and
coworkers demonstrated that isotropic chemical shifts of Brønsted
proton (1H) and nitrile nitrogen (15N) of acetonitrile are well corre-
lated with the hydroxyl bond length (rO–H) of acetonitrile/Brønsted
acid adsorption complexes, and hence with acid strength of the rel-
evant zeolites [14]. A downfield shift of 1H resonance and an upfield
shift of 15N resonance correspond to an increase in acid strength.

Theoretically, adsorption of 15N-labeled acetonitrile on some zeo-
lites could yield chemical shift for 15N resonance in a much larger
range (∼40 ppm) than 1H resonance [14]. The calculation results
suggest that acetonitrile is a good probe molecule to measure acid
strength of solid catalysts through 1H and 15N NMR chemical shifts.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hlzhang2008@sinano.ac.cn
dx.doi.org/10.1016/j.molcata.2010.04.012
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ig. 1. (a) PW91/DNP-optimized modeled 8T zeolite structure and (b) equilibrium
rSi–H) of 1.50 Å. The relevant inter-atomic distances are in Å.

However, the zeolite structures used for the calculations are
ifferent in both intrinsic acid strength and topology. Hence, the
alculations yielded virtually apparent acid strength of relevant
eolites, which is well correlated with the hydroxyl bond length and
ncludes contribution from both intrinsic acid strength and steric
ffects. It is widely believed that geometric structure of adsorbed
pecies on acid sites of microporous zeolite could be mediated by
he topology of zeolite framework [18,19], which may be mani-
ested in NMR chemical shift of relevant resonance. In this respect,
t is necessary to distinguish the contribution of steric effects from
hat of intrinsic acid strength in order to gain a full understanding
f the catalytic function of acid zeolites. On the other hand, zeolites
epresent a type of strong solid acids. It is also necessary to clar-
fy whether such correlation also works for superacidic and weak
olid acids when acetonitrile is used as a probe molecule since a
ownfield 1H chemical shift is found to correspond to weaker acid
trength when d5-pyridine is selected as probe molecule [15], in
ontrast to experimental and theoretical results of acetonitrile.

In this contribution, we present an investigation on the cor-
elations between intrinsic acid strength of solid acids and NMR
hemical shifts of 1H and 15N resonances by using DFT calculation
n modeled 8T zeolite clusters and acetonitrile as probe molecule.
odeled 8T zeolite clusters are selected to represent Brønsted acid

f free micropore so that steric effect can be neglected. A Brønsted
cid is defined as any chemical species (molecule or ion) that is able
o lose, or donate a hydrogen ion (proton). Its intrinsic acid strength
s well correlated to its proton affinity (PA) [20]. The latter is defined
s the energy difference between protonated (S–OH) and deproto-
ated solid catalyst (S–O−) (PA = ES–OH–ES–O

–): the smaller the PA
alue, the more easily the acidic proton is deprotonated, and thus
he stronger the intrinsic acid strength. Recently, theoretical calcu-
ations have established a linear correlation between PA of modeled
rønsted acid sites and 1H chemical shifts of adsorbed deuterated
yridine as well as 31P chemical shifts of adsorbed trialkylphos-
hine oxides by using an 8T model cluster (free of steric effect)

15,16,21]. In this work, we try to correlate PA of model zeolites
ith both 1H and 15N NMR chemical shifts of adsorbed acetonitrile

o probe Brønsted acid strength of solid acids from weak, strong to
uperacidic. In addition, we also try to simulate and evaluate the
teric effect on 1H and 15N NMR chemical shifts by varying rele-
guration of acetonitrile adsorbed on the solid acid model with a Si–H bond length

vant bond length and orientation of acetonitrile adsorbed on the
modeled 8T zeolite clusters.

2. Computational details

Modeled 8T zeolite clusters (Fig. 1a),
(H3SiO)3–Si–OH–Al–(OSiH3)3, with different terminal Si–H
bond lengths were used to represent solid acid sites with different
intrinsic acid strengths. The Al12–O24–(H)–Si12 subgroups of
ZSM-5 located at the intersections of the straight and zigzag
channels were selected as the incipient structure of the modeled
cluster. The validity of this method has been demonstrated by
Kramer and Zheng’s recent work [15,16,21,22]. All terminal hydro-
gen atoms in the clusters that take the places of corresponding
O–Si bonds of a zeolite network are located at a Si–H distance of
rSi–H Å from the corresponding silicon atoms, and are oriented in
their represented Si–O bond direction. The rSi–H distances were set
at 1.25, 1.50, 1.75, 2.00, 2.25, and 2.50 Å to represent six solid acids
with increasing acid strength from weak, strong to superacidic.
Partial optimization was performed to obtain configurations with
minimum energy by allowing the O3–Si–OH–Al–O3 cluster to relax
while keeping the angles (orientation) of the H3 groups on the
peripheral Si atoms fixed.

The geometrical parameters and Mulliken charge distribution
of the modeled solid acid clusters with and without acetonitrile
adsorption were optimized with the Dmol3 program [23–25], using
a PW91 density function and the DNP basis set [26,27], during
which the terminal H3 groups on the peripheral Si atoms were
also kept fixed. 1H and 15N isotropic chemical shifts were calcu-
lated at the B3LYP/6-311G(d, p) level by the Gauge-Independent
Atomic Orbital (GIAO) method [28–30]. The 1H and 15N chemi-
cal shift parameters are referred to TMS and NH3, respectively.
The chemical shift calculations were performed using a Gaussian03
program package [31].
To simulate and evaluate the steric hindrance caused by the
framework of microporous materials, further calculations were
conducted on the 8T model with fixed (H3SiO)3–Si–O–Al–(OSiH3)3
zeolite geometry and varying H· · ·N distances (rH· · ·N) or orienta-
tions of the C N bond (∠(C N· · ·H)) of acetonitrile. The 8T cluster
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Table 1
O–H bond length (rO–H), charge distribution on acidic proton, 1H (acidic proton)
chemical shift and proton affinities (PA) of the modeled acidic zeolites with different
terminal Si–H bond lengths (rSi–H).a.

rSi–H rO–H H charge ı(1H) PA

1.25 0.974 0.371 4.1 326.8
1.50 0.975 0.371 4.2 296.2
1.75 0.975 0.380 4.3 282.2
2.00 0.976 0.384 4.4 269.2
2.25 0.977 0.384 4.5 258.0
2.50 0.978 0.384 4.7 249.7

a Bond length in Å, charge distribution in |e|, chemical shift in ppm, and proton
affinity in kcal/mol.

Table 2
O–H bond length (rO–H), N· · ·H hydrogen bond length (rN· · ·H), charge distribution
on acidic proton and nitrile nitrogen, 1H (acidic proton) and 15N chemical shifts of
CH3CN· · ·H+ adsorption complexes.a.

rSi–H rN–H rO· · ·H H charge N charge ı(1H) ı(15N)

1.25 1.699 1.010 0.467 −0.370 8.7 273.4
1.50 1.649 1.019 0.472 −0.383 9.7 268.0
1.75 1.579 1.031 0.476 −0.395 10.8 262.0
2.00 1.542 1.047 0.477 −0.404 12.0 255.4
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2.25 1.492 1.063 0.476 −0.411 13.1 249.3
2.50 1.463 1.077 0.474 −0.415 14.0 244.7

a Bond length in Å, charge distribution in |e|, and chemical shift in ppm.

as fixed at rSi–H = 1.50 Å (denoted as f8T model) as a reference
onfiguration, and the configuration of CH3CN· · ·H+ adsorption
omplex was optimized with varying rH· · ·N and ∠(C N· · ·H). The
ariation ranges of rH· · ·N and ∠(C N· · ·H) were referred to Ref. [14].

. Results and discussion

Fig. 1a shows the optimized equilibrium configuration of typ-
cal 8T cluster model with a Si–H bond length of 1.50 Å. The PA
alues, acidic bridging hydroxyl bond lengths, charge distributions
n acidic protons as well as 1H chemical shifts were calculated for
ll the six model bare zeolites and summarized in Table 1. The cal-
ulated PA values and O–H bond lengths of the bridging hydroxyl
roups are in good agreement with previous report [21], and the
alculated 1H chemical shifts are also in a reasonable range as acidic
eolites usually raise 1H resonances in the range of 3.7–5.2 ppm.
enerally, an increase in O–H bond length or 1H chemical shift

ndicates enhancement of Brønsted acid strength. Hence, the slight
ncreases in calculated O–H bond length from 0.974 to 0.978 Å and
H chemical shift from 4.1 to 4.7 ppm with increase in Si–H bond
ength of the bare clusters from 1.25 to 2.50 Å as shown in Table 1
re in qualitative agreement with an increase in intrinsic acid
trength of the model clusters from weak, strong to superacidic.

Upon adsorption of acetonitrile, the calculated O–H bond length
urther increases as a result of interaction between the acidic
ydrogen and the nitrogen atom of acetonitrile as shown in Fig. 1b
nd Table 2. The magnitude of the O–H bond length increase
epends on the acid strength of the model acidic sites, from ∼3.7%
o ∼10.1% with increase in Si–H bond length from1.25 to 2.50 Å. The
ncrease in O–H bond length is accompanied by a shortening of the
ormed N· · ·H hydrogen bond length from 1.699 to 1.463 Å. This is
nderstandable because acetonitrile is a weak basic molecule with
PA value of 186.4 kcal/mol [32]. Its partially negative-charged

itrogen atom can serve as proton acceptor to form hydrogen bond
ith the Brønsted acid site (refer Fig. 1b). Generally, a stronger

rønsted acid site results in a stronger hydrogen bonding between
he nitrile nitrogen of acetonitrile and the acidic proton, and conse-
uently a shorter hydrogen bond (N· · ·H) length and a longer O–H
ond length of the bridging hydroxyl group. The calculated min-

mum N· · ·H bond length of 1.463 Å also suggests that the acidic
Fig. 2. Correlation of calculated 1H (acidic proton, �) and 15N (�) chemical shifts of
optimized CH3CN· · ·H+ complexes and proton affinities (PA) of modeled solid acid
clusters.

proton is not completely transferred to acetonitrile so that no
CH3CNH+ ion is formed.

When the hydrogen-bonded CH3CN· · ·H+ complex formed, the
charge density around the nitrogen atom and the acidic proton
should also exhibit change with change in acid strength. Our cal-
culation indicates a monotonic increase in charge density around
the nitrogen atom with increase in intrinsic acid strength (shown
in Table 2 along with change in intrinsic acid strength as repre-
sented by different Si–H bond lengths). For the acidic proton, the
charge density is influenced both by the adsorbed CH3CN and the
extent of deprotonation of different zeolite models, which leads to
an irregular change in charge distribution around the H atom as
also shown in Table 2.Change in charge density around a particular
nucleus could be manifested in its NMR chemical shift. For exam-
ple, increase in charge density around the nitrogen atom would
lead to a more upfield 15N chemical shift. Theoretically, DFT quan-
tum chemical calculations offer an opportunity to predict chemical
shifts based on the optimized electronic structures and the deriva-
tion of electronic wavefunctions. The 1H (acidic proton) and 15N
chemical shifts of adsorbed CH3CN· · ·H+ complexes on modeled 8T
zeolite clusters were calculated and also listed in Table 2. In order
to explore the correlation between NMR chemical shifts of relevant
nucleus and the proton affinities of solid acids, 1H (acidic proton)
and 15N chemical shifts of the CH3CN· · ·H+ complexes were plotted
versus proton affinities of modeled 8T zeolite clusters as shown in
Fig. 2. Linear correlations are derived between the calculated PA
and NMR chemical shifts.

ı(1H) = [−0.0699 ± (0.0084)] × PA + 30.977 (±2.733), R2 = 0.945 (1)

ı(15N) = [0.380 ± (0.046)] × PA + 152.153 (±12.896), R2 = 0.945 (2)

According to the calculation results, a larger 1H chemical shift
indicates a stronger intrinsic acid strength, in consistence with
reported experimental results of apparent acid strength of micro-
porous zeolites [12,13,33,34]. The 1H chemical shifts fall into a
range of 8–14 ppm, more downfield than resonance signals of both
bare acidic protons (3.7–5.2 ppm) and methyl protons (∼2 ppm)
of acetonitrile. Hereby, deuteration of acetonitrile is not neces-
sary when 1H chemical shift is used to measure the acid strength
despite possible overlapping among 1H signals originating from
methyl protons of acetonitrile, bare acidic protons, SiOH, and AlOH

hydroxyl groups.

For 15N-labeled acetonitrile, a smaller 15N chemical shift cor-
responds to a stronger acid strength. The 15N-labeled acetonitrile
(15N-acetonitrile) exhibits a much larger 15N chemical shift range
(∼30 ppm) relative to 1H chemical shift (∼5.3 ppm) as acid strength
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Table 3
O–H bond length (rO–H), N· · ·H hydrogen bond length (rN· · ·H), 1H (acidic proton) and
15N chemical shifts of CH3CN· · ·H+ adsorption complexes at varying H· · ·N distance
or orientation of the C N bond.a.

rO–H rH· · ·N ∠(C N· · ·H) ı(1H) ı(15N)

Reference configurationb 1.019 1.649 173.2 9.7 268.0

rH· · ·N varied 1.077 1.400 177.6 13.7 255.2
1.060 1.450 175.4 12.8 258.6
1.046 1.500 175.1 12.0 261.5
1.038 1.550 174.2 11.2 263.5
1.028 1.600 173.7 10.4 265.9
1.012 1.700 172.9 9.1 269.8

∠(C N· · ·H) varied 1.019 1.649 180.0 9.7 268.4
1.019 1.648 170.0 9.8 267.9
1.019 1.649 160.0 9.8 267.3
1.017 1.654 150.0 9.8 267.6
1.017 1.659 140.0 9.8 268.5
1.015 1.675 130.0 9.8 270.1
1.007 1.759 120.0 8.9 274.4
0.994 1.942 100.0 7.4 284.5
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Fig. 4. Simulated steric effect on 1H (�) and 15N (�) chemical shifts of CH3CN· · ·H+

complexes caused by varying H· · ·N distance.
a Bond length in Å, bond angle in degree, chemical shift in ppm.
b Optimized configuration of CH3CN· · ·H+ adsorption complex with rSi–H fixed at

.50 Å.

f the model zeolite changes from weak, strong to superacidic. The
inear correlation between PA of modeled 8T zeolite clusters and
MR chemical shifts of 1H and 15N resonances suggests that ace-

onitrile is a sensitive probe molecule for measuring intrinsic acid
trength of solid acids.

In order to evaluate the contribution from steric effect of real
eolites to their measured apparent acid strength, DFT calculation
as also conducted on an f8T zeolite cluster where rSi–H was fixed

t 1.50 Å (as a reference configuration) with H· · ·N bond length
arying from 1.400 to 1.700 Å or orientations of the C N bond
s expressed by ∠(C N· · ·H) varying from 100◦ to 180◦. The fixed
Si–H corresponds to a fixed PA value and thus fixed intrinsic acid
trength. The steric effect was simulated by the varying H· · ·N bond
ength or orientations of the C N bond. The calculation results were
ummarized in Table 3 along with that of the reference configura-
ion. 1H (acidic proton) and 15N chemical shifts are further plotted
ersus rO–H, rN· · ·H and ∠(C N· · ·H) as shown in Figs. 3–5, respec-
ively.

For the steric effect caused by varying H· · ·N bond length,
he calculation was conducted with H· · ·N bond length fixed at
pecific values while optimizing rO–H and other geometric param-

ters of adsorbed CH3CN. Increase in H· · ·N bond length from
.400 to 1.700 Å is accompanied by corresponding shortening of
.065 Å in O–H bond length, inferring gradual decrease in appar-
nt acid strength. This is also manifested in a total decrease of

ig. 3. Correlation of calculated 1H (�), 15N (�) chemical shifts and rO–H of configu-
ation restricted CH3CN· · ·H+ adsorption complexes.
Fig. 5. Simulated steric effect on 1H (�) and 15N (�) chemical shifts of CH3CN· · ·H+

complexes caused by varying orientation of the C N bond.

4.6 ppm in 1H chemical shift and a total increase of 14.6 ppm
in 15N chemical shift. Again, a linear correlation is obtained
between relevant NMR chemical shifts and the apparent acid
strength as shown in Fig. 3 (data with rN· · ·H between 1.012 and
1.077).

For the steric effect caused by varying orientations of the C N
bond, the calculation was conducted with ∠(C N· · ·H) fixed at
specific values while optimizing rO–H and the other geometric
parameters of adsorbed CH3CN. The calculation results demon-
strate that when the orientation of the C N bond, i.e. ∠(C N· · ·H),
varies from 100◦ to 180◦, a total increase of 2.4 ppm in 1H chem-
ical shift and a total decrease of 17.2 ppm in 15N chemical shift is
obtained, corresponding to an increase of 0.025 Å in hydroxyl bond
length.

The above results indicate that upon adsorption of acetonitrile
on zeolites, variation of H· · ·N distances or orientation of the C N
bond may give rise to significant change in geometric configura-
tion of the adsorption complexes, including the O–H bond length
(a measure of the apparent acid strength of solid acids), which is
known as steric effect of zeolite’s framework. Such steric effect is
also manifested in electronic configuration of relevant nuclei and
hence in their NMR chemical shifts, which exhibit correlation with
the apparent acid strength of relevant zeolites, e.g. 1H (acidic pro-
ton) and 15N nucleuses in the present work. However, we also note

that 1H (acidic proton) chemical shift exhibits a linear correlation
with the O–H bond length/apparent acid strength over the investi-
gated range from 1.077 to 0.994 Å (Fig. 3) where the change from
1.077 to 1.012 is caused by variation of H· · ·N distance and that
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rom 1.019 to 0.994 Å caused by variation of orientation of the C N
ond (Table 3). This suggests that 1H (acidic proton) chemical shift

s correlated with apparent acid strength regardless of the nature
f the steric effect.

15N chemical shift is also correlated with the apparent acid
trength, but in a more complex way depending on the nature of
he steric effect. 15N chemical shift is linearly correlated with appar-
nt acid strength over the O–H bond length range of 1.077–1.012
Fig. 3) caused by varying H· · ·N distance, and exhibits similar steric
ffect as 1H chemical shift (Fig. 4). When varying the orientation
f the C N bond, however, it first exhibits a slight decrease when
(C N· · ·H) varies from 180◦ to 160◦ followed by a gradual recov-
ry when ∠(C N· · ·H) further varies from 160◦ to 130◦, whereas 1H
hemical shift exhibits no obvious change over the course (Fig. 5).

hen ∠(C N· · ·H) further changes to 120◦ and 100◦, significant
hemical shift increase occurs to both 1H and 15N resonances, but
ith a much larger magnitude to 15N than to 1H (14.4 ppm/2.4 ppm

n the course versus 14.6 ppm/4.6 ppm in the course of H· · ·N dis-
ance variation). This is also manifested in the correlation between
pparent acid strength and the calculated 1H and 15N NMR chemical
hifts where 1H chemical shift remains a similar linear correlation
ith apparent acid strength as that obtained in the course of H· · ·N
istance variation, whereas 15N chemical shift exhibits a signifi-
ant deviation from that obtained in the course of H· · ·N distance
ariation (Fig. 3).

The significant deviation of 15N chemical shift during variation
f orientation of the C N bond may be explained qualitatively
y the shielding and deshielding behavior of the 1H and 15N
uclei through transfer of electron density in the courses. Decrease

n H· · ·N distance should result in stronger interaction between
ydroxyl hydrogen of zeolite and nitrile nitrogen of acetonitrile.
his interaction, on one hand, results in electron density transfer
rom hydrogen to nitrogen as indicated by an increase in positive
harge density at the H nucleus by ∼1.5% (0.467 vs 0.474, Table 2) as
he rN–H decreases from 1.699 to 1.463 Å with the absence of steric
ffect. Meanwhile, it may further induce significant electron den-
ity transfer from nitrile carbon to nitrile nitrogen through bonding
lectrons of the triple bond, particularly the � electrons, which
ay account for the much more significant increase in negative

harge density at the N nucleus by ∼12% (−0.370 vs −0.415, Table 2)
usually termed as a paramagnetic contribution to NMR chemi-
al shift [35]). The overall results are a less shielded 1H nucleus
nd a more shielded 15N nucleus, and thus a downfield 1H chem-
cal shift and an upfield 15N chemical shift. When the orientation
f the C N bond deviates significantly from its optimal orienta-
ion (173.2◦), the interaction is strongly disturbed by the steric
onstraint, and thus shift of electron density between hydroxyl
ydrogen of zeolite and nitrile nitrogen of acetonitrile as well as the
aramagnetic effect may be significantly weakened, which results

n a significant deshielding of the 15N nucleus and thus a downfield
hift in much larger magnitude. In this case, 1H nucleus exhibits

less significant increase in shielding due likely to the back-
hift of electron density from hydrogen to oxygen of the hydroxyl
ond.

As a consequence, 1H chemical shift exhibits a linear correla-
ion with the apparent acid strength of zeolite regardless of the
ature of steric effect, whereas 15N chemical shift is linearly cor-
elated with the apparent acid strength during variation of the
· · ·N distance, but exhibits a significant deviation (in a much larger
agnitude) when orientation of the probe molecule is deviated

harply from its optimal orientation. Hence, 15N chemical shift is

ore sensitive to a steric effect caused by orientation of a probe
olecule, which implies that a cross-analysis of 1H and 15N chem-

cal shifts may provide additional information on the nature of
he steric effect, and thus help understand the structure of zeolite
ramework.
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4. Conclusion

Structures of modeled solid acids with different strength and
acetonitrile adsorption complexes with and without steric effect,
as well as the corresponding 1H (acidic proton) and 15N chemical
shifts were calculated theoretically using DFT method. The calcu-
lations reveal linear correlations between isotropic NMR chemical
shifts and PA value of modeled solid acids when steric effect from
catalyst’s framework is neglected. This suggests that 1H and 15N
chemical shifts can be used as measures to probe intrinsic Brønsted
acid strength where a larger 1H or a smaller 15N chemical shift
corresponds to stronger acid strength. When taking into account
steric effects, a linear correlation between 1H chemical shift and
O–H bond length can also be obtained regardless of the nature of
the steric effect. 15N chemical shift also exhibits linear correlation
with O–H bond length except that the orientation of the C N bond
is sharply deviated from its optimal orientation which results in
15N chemical shift in a much larger magnitude. It is thus concluded
that in combination with 1H chemical shift, 15N chemical shift may
provide additional information on the nature of the steric effects
and thus the structure of zeolite framework when acetonitrile is
used as probe molecule.
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