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The organic linker in a metal organic framework (MOF) affects its adsorption behavior and performance, and
its structure and dynamics play a role in the modulation of the adsorption properties. In this work, the
combination of H nuclear magnetic resonance (NMR) longitudinal relaxometry and theoretical calculations
allowed details of the structure and dynamics of the organic linker in the NH,-MIL-125 MOF to be obtained. In
particular, fast field cycling (FFC) NMR, applied here for the first time on MOFs, was used to disclose the
dynamics of the amino group and its electronic environment through the analysis of the N quadrupole
relaxation peaks, observed in the frequency interval 0.5-5 MHz, at different temperatures from 25 to 110 °C.
The line width of the peaks allowed a lower boundary on the rotational correlation time of the N—H bonds to
be set, whereas relevant changes in the amplitudes were interpreted in terms of a change in the orientation of
the N averaged electric field gradient tensor. The experimental findings were complemented by quantum

rsc.li/pcecp

Introduction

Over the last two decades, metal organic frameworks (MOFs), also
known as coordination polymers, have aroused increasing interest
because of their high potential for applications in diverse fields,
such as gas separation and storage,” energy storage,’ catalysis,*
and thermal energy conversion.>” These hybrid crystalline solids
are made of metal clusters linked by organic multidentate ligands
that form extended three-dimensional porous frameworks
with tunable pore size and shape through suitable chemical
functionalities. Distinctive features of these versatile materials
are extraordinarily large porosity and surface area, and unique
adsorption properties.®

The functionalization of the organic ligand may induce a
modulation of the adsorption properties.” Although the role of
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chemistry calculations and classical molecular dynamics simulations.

the functionalization has been disclosed in many applications,
very little attention has been paid to the dynamics and the
environment of the functional groups, which might contribute
to rationalizing the adsorption behavior.

This study is focused on NH,-MIL-125, a microporous MOF
composed of TigOg(OH),-(BDC-NH,)s (BDC = benzene-1,4-
dicarboxylate) units, with a cyclic inorganic octamer structure built
from TiOs(OH) octahedra and connected to other 12 octamers
through NH,-BDC linkers.'® This MOF exhibited promising
properties in the field of gas separation," liquid phase separation of
hydrocarbons," adsorption heat transformation, and storage.™*
A previous Nuclear Magnetic Resonance (NMR) investigation on the
rotational motion of the amino group bound to the BDC ligand and
of the aromatic ring in a Zn-based MOF, IRMOF-3, showed that the
correlation time for both processes is on the order of microseconds
in the 25-100 °C temperature range.'” Values of the same order of
magnitude were found for the rotational motion of the aromatic ring
in NH, functionalized UiO-66(Zr)."®

Here, we applied '"H FFC relaxometry to characterize the
dynamics and the electronic environment of the amino group
bound to the BDC unit, exploiting the quadrupolar relaxation
enhancement (QRE) of the 'H longitudinal relaxation rate.
Indeed, when the dynamics is relatively slow, the *H spin lattice
relaxation rate increases at 'H frequencies matching the
"N quadrupole spin transition. This effect was observed in some
solids,"”™* and in biological systems,**">* but, to the best of our
knowledge, it was never reported for a MOF. The positions of the

This journal is © the Owner Societies 2020


http://orcid.org/0000-0002-1150-1551
http://orcid.org/0000-0002-3419-7118
http://orcid.org/0000-0003-0405-2038
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp01863e&domain=pdf&date_stamp=2020-06-29
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp01863e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022027

Open Access Article. Published on 17 June 2020. Downloaded on 12/9/2025 11:45:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

quadrupolar peaks were used to derive the quadrupolar coupling
constant and the asymmetry parameter of the electric field gradient
(EFG) acting on the "*N nucleus, whereas the relative intensities and
widths of the peaks were related to the orientation of the N-H vectors
with respect to the averaged EFG principal axes and to their
rotational correlation and "N relaxation times through simple
analytical expressions.” Differently from >H NMR spectroscopy,
which is a well established technique for probing molecular mobility,
applied by Kolokolov et al. to linkers and guest molecules adsorbed
in MOFs,”**® the method used here does not require deuteration of
the sample, but it is restricted to systems containing a quadrupolar
nucleus, such as N. The flip of the BDC units was excluded to
occur within a time scale of tens of microseconds at room tempera-
ture by estimating the 'H-"*C dipolar interaction through a
two-dimensional Lee-Goldburg cross-polarization technique (2D
LG-CP);*** this finding is in agreement with previous studies on a
variety of MOFs.””***"> The temperature dependence of the obser-
vables in the 25-110 °C range was discussed in connection with the
predictive results of atomistic molecular dynamics simulations (MD),
which were combined with quantum chemistry (QC) calculations to
obtain a picture of the amino group geometry and dynamics, and of
the EFG tensor at the nitrogen centers.

Materials and methods
NMR measurements

NH,-MIL-125 was synthesized according to the procedure
reported in ref. 14. The as-synthesized product was dried at
150 °C in vacuo for 20 hours.

H longitudinal relaxation times, T, were measured in the
0.01-35 MHz Larmor frequency range on a SpinMaster FFC-2000
Fast Field-Cycling NMR relaxometer (Stelar srl, Mede, Italy) using
the pre-polarized and non-polarized pulse sequences below and
above 12 MHz, respectively.** The polarizing and detection fields
were 0.6 T and 0.5 T, which correspond to 'H Larmor frequencies
of 25.0 and 21.5 MHz, respectively. The switching time was 3 ms
and the 90° pulse duration was 9.8 ps. A single scan was
acquired. All the other experimental parameters were optimized
for each measurement. All the "H magnetization curves vs. time
were mono-exponential within experimental error and the errors
in the relaxation rate R, (=1/T;) fitting were always less than 1%.
The experiments were performed at three temperatures, ie. at
25, 80 and 110 °C; the temperature was controlled within £0.1 °C
with a Stelar VTC90 variable temperature controller.

'H-"3C dipolar interactions were estimated at room tem-
perature using a Bruker Avance Neo-300 WB spectrometer
equipped with a 4 mm probe. The operating frequencies were
300.13 and 75.47 MHz for 'H and “C, respectively. The 90°
pulses on 'H and "*C were 3.0 and 4.0 ps, respectively. The 2D
LG-CP experiment was conducted using the sequence reported
in Fig. 2a of ref. 29. For the LG-CP period, the 'H effective field
strength was 50 kHz and the '*C spin-lock field strength was
adjusted to the first order sideband conditions. The LG-CP
contact time was incremented in 41.7 ps steps with 100 steps.
The spinning speed was 12 kHz, the recycle delay was set to
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1.2 s and the number of scans was 2000. Only cosine-modulated
data were collected. The ¢ time signals were processed using a
baseline correction mode “qfil” in Bruker TopSpin 3.5 software,
which subtracts a constant intensity before performing a real
Fourier transformation, to eliminate the zero-frequency peak.

Analysis of the R, profile: theoretical basis

N is a quadrupolar nucleus with spin quantum number equal
to 1. In the low field regime, ie. when the magnetic field B, is
smaller than 0.1 T, the Zeeman coupling of the "*N spin is much
weaker than its electrostatic interaction with the local EFG and can
be neglected. Therefore, the "N energy levels are determined by the
interaction between the nuclear quadrupole moment and the EFG.
The frequencies associated to the possible transitions between
2 2
these levels are v, = %e ZQ<1 +g), v_ = %e ZQ<1 —g), and
vo — C920 g0
h 2 h
coupling constant and the asymmetry parameter, respectively. In
the "H R, profile a local maximum may occur when the "H Zeeman
transition energy matches one of the transition frequencies v, v_,
or 1. In the case of a "N nucleus belonging to a slowly tumbling

2
. , 4 . .
entity (ie., ZR%Q‘L}N > 1, with 1, representing the N-H rota-

tional correlation time), the following simple analytical expression
of the 'H longitudinal QRE, R™, was reported:**

and 7 representing the "N quadrupolar
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with ¢ = §<ﬁ%> , where r represents the internuclear

N-H distance, yi; and yuy are the gyromagnetic ratios of *H and
N nuclei, respectively, and y, is the permittivity. In eqn (1) Teg is an
effective correlation time dependent on 7, and on the "N relaxation
time Tyy due to spin-flip fluctuations, according to the equation:

o .
Tef  Trot 1IN

At 14y frequencies close to v, v_, or 1, the terms in eqn (1)
depending on vy + v4, vy + v_, and vy + 1, are negligible, and
Ri™ is described by three Lorentzian peaks centered at v, v_, and v,
with amplitudes A,, A_, and A, respectively; their full width at half-
height (FWHH), expressed in frequency units, is related to teg
according to the following equation:

1
TUTeff

FWHH =

(3)
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In principle, one should also consider a contribution to the
linewidths due to the dependence of the resonance condition
on the orientation of the external magnetic field in the EFG
principal axis system (PAS). However, this contribution is
estimated to be less than 10% and can be safely neglected. It
was shown that the amplitudes of the peaks depend on the
polar and azimuthal angles 0 and ¢ defining the orientation of the
'H-"*N inter-spin vector in the PAS of the averaged EFG, according to
the following equations:>

1
A, == +sin*0cos’ ¢

3 (42)
1
A=+ sin” 0'sin” ¢ (4b)
1 2
Ay = 3 + cos” 0 (4¢)

In our system two N-H bonds are present, each one contributing to
RN jt can be assumed that a common 7. value is associated with
the two bonds. These, however, are characterized by different
orientations in the EFG PAS, expressed by the angles 6,, ¢; and
0,, ¢, pictured in Fig. 1. Hence, the two hydrogen atoms contribute
to a given peak with different amplitudes related to their different
orientations. In order to take this into account, eqn (4) were
modified as follows:

2
1 .
A = Z <§ + sin® 0; cos? d),-) (52)
im1
A = 22: ! + sin” 0; sin® ¢ (5b)
_ = - 3 i i
2
1

Ay = Z (§ + cos® 0,») (5¢)

p

Fig. 1 Angles defining the direction of the two N-H bonds in the
averaged EFG PAS. 0, and 0, are the angles between the N-H bonds
and the z-axis, whereas ¢, and ¢, are the angles between the projections
of the N—H bonds on the xy plane and the x axis. The xy plane is depicted
with a transparent dark yellow circle.
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Analysis of the R, profile: data treatment

The measured "H longitudinal relaxation rate consists of a
homonuclear dipolar contribution, R7™, due to *"H-'H dipole-
dipole interactions, and a QRE contribution, R{™, due to
'H-"*N dipole-dipole interactions. The overall relaxation R,(v)
is the sum of the two contributions:

Ry(v) = R™M(v) + R (v) (6)

with the first term contributing to a regular decrease with
increasing frequency and the second term giving rise to the
quadrupolar peaks.

In order to obtain RY™, RY™ was subtracted from the
measured R; at each frequency using the baseline correction
tool in the Origin software.** We did not attempt to analyze the
R™ contribution, as carried out by other authors,*" because the
data did not show distinctive features capable of unambiguously
defining the dynamic processes modulating the "H-"H dipolar
interactions. For a given temperature, the experimental Ry data
were fitted using eqn (1) within the Mathematica 10 program-
ming environment.*® The fitting parameters relative to each
peak i, with i = +, —, 0, were v;, and c4;, besides the common .

The values of the four angles defining the orientation of the
two N-H bonds, namely 0;, ¢4, 0,, ¢,, were derived from the
relative amplitudes of the v, and v_ peaks with respect to that
of the v, peak, using eqn (5). We imposed the constraint that
the angle between the two N-H bonds was between 105 and
125 degrees, the most populated region according to MD
simulations (Fig. S1 of ESI), and looked for numerical solutions
by varying the polar and the azimuthal angles on a grid
in the range 0-m and 0-2m, respectively. We rejected those
angular sets that produced deviations of the calculated rescaled
amplitudes from the experimental values larger than 5%. It
should be noticed that, given the symmetry of the trigonometric
functions appearing in eqn (5), we were not able to distinguish
among the possible solutions 0;, —0;, 1 — 0; and —n + 0;, the
same holding for ¢;.

Quantum chemistry calculations and classical simulations

The atomic coordinates and unit cell parameters (18.7028 x
18.7028 x 18.2028 1"&3) of NH,-MIL-125 were obtained from the
Cambridge Crystallographic Data Centre®® and optimized at the
density functional (DFT) level, after adding the hydrogen
atoms, using the Quantum Espresso package,’” ultrasoft pseu-
dopotentials and the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional.*® Periodic
boundary conditions were applied in all directions and a cutoff
energy of 600 eV was employed to obtain convergent results.
The Gauge Including Projector Augmented Wave (GIPAW)
approach®”*° was used to calculate and fully characterize the
traceless EFG tensor for each nitrogen nucleus (that is, the
quadrupolar coupling constant, the asymmetry parameter and
the orientation of the PAS with respect to the molecular frame).

To explore the dynamics of the MOF at 25 and 110 °C and
generate a reasonable variety of geometries for predicting and
explaining the experimental data, classical reactive molecular

This journal is © the Owner Societies 2020
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dynamics simulations based on the ReaxFF methodology were
carried out. This approach was selected because an appropriate
parametrization for this type of system is available in the
literature.** The DFT optimized geometry was energy minimized
at the classical level and then gradually heated to 25 °C (or
110 °C). Equilibration was carried out for about 50 ps. After
equilibration, the sampling simulations were performed in the
NVT ensemble for about one nanosecond. System configurations
were collected every 0.1 ps. The temperature was controlled
through the Berendsen’s thermostat*> with a relaxation constant
of 0.05 ps, and the time step was set to 0.2 fs. The analysis of the
production trajectories was focused on the orientation of the
NH, group relative to the ring system, the degree of pyramida-
lization of the nitrogen atom, the H-N-H angles, the C-C-N-H
dihedral angles, and the length of the hydrogen bond between
the amino and carboxyl group. Representative configurations
were extracted from the two trajectories and EFG-GIPAW calcula-
tions were carried out to predict the orientations of the EFG
tensors in the molecular frame (Fig. S2 of ESIT).

Results and discussion

The R, dispersion curves of dry NH,-MIL-125, recorded at 25,
80 and 110 °C, are shown in Fig. 2a. The profiles at 25 and 80 °C
are very similar, and only minor changes could be observed upon
further heating to 110 °C. This indicated that, in the investigated
temperature domain, no major dynamic process was activated in
the 10 kHz-35 MHz frequency range. Moreover, the profiles
display three quadrupolar peaks (Fig. 2b), due to the level
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Fig. 2 'H R, NMRD curves of NH,-MIL-125 at 25 °C (filled black squares),
80 °C (empty red squares), and 110 °C (blue empty circles). (a) Profile from
0.01 to 35 MHz; (b) expansion in the region of the quadrupolar peaks.
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crossing with the "N quadrupole frequencies, which indicated
that all the "N nuclei are characterized by very similar EFGs, in
line with the theoretical predictions, and provided important
information on the very slow dynamics of the NH, group.

The quadrupolar contribution to R,, after subtraction of the
background curve mainly due to Ry, is shown in Fig. 3. The
small frequency shifts of the maxima suggested that the quad-
qQ

h
perature. Fig. 3 clearly shows that the peaks sharpened upon
increasing the temperature from 25 °C to 80 °C, whereas a
further temperature increase to 110 °C did not result in a
significant variation. Furthermore, increasing the temperature
determined a change in the relative amplitudes of the three

rupole parameters and 7 slightly changed with the tem-

signals, which was most evident for the 25 °C to 80 °C variation.

For a quantitative analysis, the shape of the peaks, after
subtraction of the background, was reproduced using the
fitting function reported in eqn (1), with fitting parameters 7,
and v; and c4; relative to each peak i, with i = +, —, 0.

80 T

c 110 °C

a 25°C
60 g

R1HN(S-1)

"H Larmor frequency (MHz)

Fig. 3 H RI'™ NMRD curves of NH,-MIL-125 at the indicated tempera-
tures, obtained from the R, data after subtraction of the background
contribution mainly due to RT'™. The solid lines represent the fits to the
quadrupolar peaks using egn (1). The values of the fitting parameters are
reported in Table 1.
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Fig. 3 shows the fitting curve at the investigated temperatures
and Table 1 reports the best fit values. It is worth noting that the
quadrupolar parameters are close to those determined for anthra-
nilic acid with **N quadrupole resonance spectroscopy.**

A first theoretical estimate of the nuclear quadrupole con-
stants and anisotropy parameters was obtained through the full
optimization of the experimental crystal structure of the MOF
at the QC level and subsequent calculations of the EFG tensor
at the nitrogen nuclei. Inspection of the QC optimized geome-
try indicated that in NH,-MIL-125 all the "*N nuclei occupy
positions characterized by similar electric field gradients with
sp” hybridized nitrogen atoms hydrogen-bonded to the car-
boxyl oxygens. The best agreement of the theoretical nuclear
quadrupole coupling constant with the experimental result was
obtained with a "N nuclear quadrupole moment of 1.94 x
10° m?, chosen in line with the studies of Bailey,** that
produced a quadrupolar coupling constant of —3.79 £+ 0.04 MHz
and an asymmetry parameter around 0.31 (£0.03) for all the
nitrogen nuclei. This ideal situation satisfactorily compares with
the experimental results.

Information on the dynamics of the amino group could be
obtained from the t.¢ values determined from the fitting of the
experimental data (Table 1). Of relevance is the fact that tes
increased from 0.9 to 2.2 pus upon heating from 25 to 80 °C, as
determined from the linewidth of the peaks using eqn (3); a
further increase in temperature up to 110 °C did not give rise to
any additional change. Since 7., should decrease with increas-
ing the temperature, the observed increase in t.¢ suggests that
Ter s mainly determined by T (see eqn (2)). A similar behavior
was previously reported for the solid [C(NH,);];BizIs and was
indeed explained taking into account the longitudinal relaxa-
tion time of N, Tyy, associated with a fast fluctuation of an
EFG component, i.e., on the time scale of 1 ns."® In immobi-
lized proteins, Ty values on the order of microseconds were
ascribed to fast fluctuations of the EFG about its average value,
probably due to a rocking motion on a 10 ns time scale.*® In our
case, we could suppose that T;y significantly contributed to 7.
at all the investigated temperatures, with Tix < 7. Indeed, the
detection of the quadrupolar peaks is evidence for a slow N-H
bond dynamics, with the condition that the slow dynamics is
characterized by a correlation time 7., > 1/2nvy & 0.2 ps.>* On

Table 1 Quadrupolar parameters and best-fitting values for the three
quadrupolar peaks

240 CAy; €A Vi V_j
T (°C) — (MHz) n T (US)  cAo® (s7%) v (MHz)
25 3.52 (1) 0.41 (1)  0.90 (2) 25 (1); 3.00 (1);
21 (1); 2.28 (1);

8 (1) 0.67 (4)

80 3.55 (1) 0.38(1) 22(1) 14 (1); 3.00 (1);
6 (1); 2.33 (1);

7 (1) 0.65 (2)

110 3.54 (1) 0.39 (1) 22(1) 13 (1); 3.00 (1);
8 (1); 2.31 (1);

10 (1) 0.64 (1)

“ values obtained by fitting R™ data, as described in the section Materials
and methods. Uncertainty on the last digit is given in parenthesis.
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the other hand, Ty values can be very short, especially at low
fields, and in the extreme narrowing limit.>*** The extreme
narrowing regime predicts an increase in Tjyx upon heating,
which results in the sharpening of the peaks with increasing
the temperature. The observed temperature trend of t.¢ and the
values determined indicated that 7., must be longer than 2.2 us
at 110 °C, a condition which also holds at 25 °C a fortiori.
Therefore, the lower boundary obtained for 7, is longer than
0.2 ps, the low limit which was determined based on the
conditions t,,¢ > 1/2mv,. Long T, values were consistent with
the absence of BDC flips at room temperature within a time
scale of tens of microseconds, as revealed by the estimate of
the "H-"°C dipolar interactions by means of the 2D LG-CP
experiment (Fig. S3 of ESIT). In fact, aromatic carbon atoms
carrying a hydrogen atom were found to be subject to a "H-"3C
dipolar interaction close to the static value (see caption of
Fig. S3 of the ESIY).

Other features of relevance for characterizing the changes
that occur in the system upon heating were the absolute and
relative peak amplitudes (see Table 1). The significant decrease
in the amplitudes of the quadrupolar peaks, observed upon
heating from 25 to 80 °C, indicated that the effective H-N
dipole-dipole interaction leading to the QRE effect became
weaker on increasing the temperature; this can be attributed to
the pre-averaging of this interaction by a relatively fast dynamic
process. Also, the relative values of the amplitudes changed
upon heating from 25 to 80 °C, with the peaks centered at v,
and v_ assuming larger and smaller amplitude values, respec-
tively. Only minor changes were observed upon further heating
up to 110 °C, with a slight increase in amplitude of the »_ and
vy peaks and a decrease for the v, one. We ascribed the
variation of the relative amplitudes to a change in the orienta-
tion of the EFG tensor, according to eqn (5). These equations
were used to fit the three amplitudes A, A_, A, with the
constraint that the angle between the two N-H bonds could
assume values between 105 and 125 degrees, which is the most
populated region according to the MD simulations discussed
afterwards, and with variable parameters the angles 0;, ¢4, 05,
¢, defining the direction of the two N-H bonds in the averaged
EFG PAS (Fig. 1).

At 25 °C, it was found that the set of angles {0; =90 £ 6, ¢; =
115 + 3, 6, =90 £ 6, ¢, = 0 & 10 degrees} was compatible with
the observed relative amplitudes. This set implies that the EFG
z-axis is approximately perpendicular to the H-N-H plane. This
is in line with other studies,*®*” which found that the principal
axis associated with the largest EFG component, V,,, is oriented
along the direction of the nitrogen lone pair. The two hydrogen
atoms do not occupy symmetric positions with respect to the
EFG x and y axes, and this could be ascribed to the formation of
a hydrogen bond between the carboxylate oxygen and one of the
hydrogen atoms.

At higher temperatures, since no major differences were
observed between the amplitudes at 80 and 110 °C, we focused
only on those at 110 °C. Several sets of angles were compatible
with the experimental amplitudes, with 0 values spread in the
range 80-150 degrees and ¢ values clustered around —10 and
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Fig. 4 Sets of angles {01, ¢1, 0> ¢} compatible with the observed
amplitudes at 110 °C. The circle and the triangle represent the {01, ¢4}
and {0, ¢} pairs, respectively, and the color identifies each set.

130 degrees (Fig. 4). For the sake of clarity, the figure shows
only four compatible sets, out of the possible values found.
Among these sets, the corresponding value of the H-N-H angle
was in the interval 105-125 degrees.

In order to better understand the experimental data and,
possibly, confirm the analysis, an MD study was performed on
the system at 25 and 110 °C. Examination of the conformational

T=25°C

2,650
2319
1.987

1.656

C-C-N-H (deg.)

-30

-15 0 15 30 45
C-C-N-H (deg.)

T=110°C

2.180

1.908

1.635

1.362

1.090

0.817

C-C-N-H (deg.)

0.545
0.272

0.000
=30 15 0 15

C-C-N-H (deg.)

30 45

View Article Online

PCCP

tendency of the BDC-NH, units at the two extreme tempera-
tures revealed that the nitrogen atom could be both trigonal
planar (sp® hybridization) or tetrahedral (sp* hybridization) due
to a rapid umbrella inversion that became more marked at a
higher temperature. Given the inequivalence of the nitrogen
substituents, the motion was slightly asymmetric and influ-
enced by the relatively tight intramolecular hydrogen bond
between one of the amine hydrogens and the nearby carboxyl
oxygen. The MD results indicated that this hydrogen bond is
strong enough to induce a moderate pyramidalization with a
preferential direction, which is apparent in Fig. S1 of the ESI,¥
where the distributions of the distance of the nitrogen from the
C-H(N)-H(N) plane are displayed. This distance represents the
displacement of the nitrogen above and below the substituents
plane and can be correlated with the degree of pyramidalization
of the atom. From inspection of these data it is apparent that the
peaks of both curves are shifted to negative values and centered
at approximately —0.03 A. Further evidence of the nature of the
nitrogen was provided by the H-N-H angle distribution (Fig. S1
of ESIT) which indicated that the most probable values were in
the 110°-120° range, corresponding to characteristic tetrahedral
and planar arrangements of the hydrogen atoms. This angular
range was indeed the one considered, although slightly extended,
in the analysis of the experimental data.

The asymmetry of the motion at both temperatures is clearly
visible in Fig. 5 which shows the probabilities of the dihedral

% frequency

% frequency

Aouanbaiy Yo

Fig. 5 Contour plots of the distributions of the C-C-N-H torsional angles and their respective three-dimensional histograms obtained from the

configurations sampled at the selected temperatures.
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angles defining the positions of the amine hydrogens relative to
the ring plane at the two temperatures investigated. At 110 °C
the higher propensity of the amino group to explore the outer
regions of the range mentioned above was confirmed by the
widening of the contours. Furthermore, the vibrations of the
various portions of the MOF were faster and accompanied by
modest deformations of the BDC-NH, rings and occasional
rotations of both the NH, group (around the C-N bond) and the
COO moiety (around the C-C bond). In particular, in the MD
data displayed in Fig. S4 (ESIT), the NH, rotation occurred only
once over a trajectory of 1 ns.

Representative configurations at the two temperatures were
extracted for the calculation of the EFG tensor through the
GIPAW approach; the one at 25 °C is shown in Fig. 6a where the
BDC-NH, unit and the local EFG PAS are highlighted. It is
apparent that the calculated '*N EFG tensor orientations are
identical for all the planar BDC-NH, units, with V,, perpen-
dicular to the C-H(N)-H(N) plane (in this case, the plane of the
molecule), oriented as the N lone pair, V,, in the plane of the
molecule almost aligned to the H-N-H angle bisector and V,, in
the plane of the molecule perpendicular to the V,, axis. This
static picture became more complex when the effect of the
temperature was applied and the local configurations of the
BDC-NH, units were sampled as a function of time. In fact, a
great variety of nitrogen pyramidalizations were identified and
the EFG descriptors estimated in each case. The simplest cases
were those where the hybridization of the nitrogen was not
accompanied by a rotation of the NH, group around the C-N
axis. In these cases, the hydrogens remained close to the
molecular plane and the EFG PAS maintained an orientation
typical of the flat sp® arrangement. Fig. 6b shows the EFG
tensor orientation for pyramidalized nitrogen with hydrogens
almost perpendicular to the O-C-O plane. V,, is again in the
direction of the lone pair, V,,, is aligned with the bisector of the
H-N-H angle and V,, is roughly perpendicular to the molecular
plane. Therefore, the trait common to all the situations is the
alignment of V,, with the lone pair direction. Moreover, local

Fig. 6 Principal components of the ¥*N EFG tensor (blue lines) in two
different local structures of the BDC-NH, unit of NH,-MIL-125. (a) Planar
unit extracted from the MOF structure optimized at the QC level. (b)
Deformed unit, extracted from the MD trajectory at 110 °C, where the
nitrogen is pyramidalized and rotated (before the exchange of the NH,
hydrogens). The plane of the three N substituents is depicted with a cyan
disk (on the right-hand side, the transparent effect mitigates the color of
the disk) to highlight the perpendicular orientation of V,, (lone pair
direction). The representation of EFG tensors as surfaces obtained by
means of TensorView is shown in Fig. S5 of the ESL.¥
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effects did not drastically perturb the environment of the
qQ
h
in each unit, their average was close to the values found for the
QC optimized structure and from the experiments.

At 25 °C, where the main tendency of the NH, group was to
adopt an almost flat arrangement with only a slight pyramida-
lization, the GIPAW calculations on the DFT-optimized struc-
ture and on geometries extracted from the MD simulations gave
the angular values {0; = 85 + 12, ¢, =132 £ 7,0, =85 + 12, ¢, =
19 + 14 degrees} for the two amine hydrogen atoms in the EFG
PAS, in fairly good agreement with the values determined from
the fitting of the experimental peak amplitudes. MD simula-
tions did not predict significant changes in the static EFG
tensor when the temperature was increased from 25 to
110 °C. Therefore, the change in the relative amplitudes of
the QRE peaks could not be ascribed to a modification of the
orientation of the static EFG tensor. However, the observed
amplitudes were compatible with sets of angles {05, ¢4, 0, ¢}
(see Fig. 4) implying a significant deviation of the V,, compo-
nent from the lone pair direction. Such deviation was quanti-
fied through the angle between the normal to the plane defined
by H-N-H and the EFG z-axis for our compatible sets, which
was 65 + 10°, to be compared with the values of 0 and 35° for an
sp” and an sp® hybridization, respectively. We thus speculated
that the tensor is subject to a fast motion that modifies its
orientation, and consequently the angles {0, ¢4, 0,, ¢} at
110 °C. Considering the relative amplitudes of the peaks and

2
the observed % and 5 values, we excluded that the motion

could be simply modelled as a two-site rotation of the NH,
group around the C2 axis with jump angles ranging from 0 to
180° or as a rocking motion about an axis perpendicular to the
NH, plane. A more complex motional process might occur,
possibly involving a different dynamic behavior of the two H-N
bonds, as hinted by the MD data. At 25 °C this motion is
probably more restricted so that the static tensor satisfactorily
accounts for the amplitude values. This motion would be
responsible for the decrease of T;y and for the slight change
in the quadrupolar parameters upon heating.

nitrogen. Even though the values of and y were different

Conclusions

For the first time we have applied 'H FFC NMR relaxometry to
study a metal organic framework, disclosing important details
of the amino group dynamics in the specific environment
constituted by NH,-MIL-125, and of its EFG tensor at different
temperatures. From the linewidth of the QRE peaks we could
set a lower boundary on the rotational correlation time of the
N-H bonds, which was 2.2 ps at 110 °C, whereas from the
relative amplitudes we could estimate the orientation of the
N-H bonds with respect to the averaged EFG principal axes
system. It was found that at 25 °C the averaged EFG tensor
orientation coincides with the static picture, identified by QC
calculations, where the z EFG component, aligned with the lone
pair, is perpendicular to the BDC-NH, unit and the dynamics is
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quite restricted. This was not the case at 110 °C, where larger
fast fluctuations modulate the static interaction and are
responsible for a change in the orientation of the averaged EFG.

Besides the structural and dynamic details obtained, this
study demonstrates the applicability and usefulness of FFC
NMR, hitherto applied to aqueous solutions, soft matter or
fluids in porous materials, also in the study of MOFs, unveiling
information of relevance for their technological application.
Furthermore, the combination with theoretical calculations, on
the one hand, guides the data analysis, and, on the other,
validates and at the same time complements the information
obtained.
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