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ABSTRACT

The influence of adsorbed water on the dynamics of the organic linker 1,4-benzenedicarbox-
ylate (BDC) in the metal organic framework NH,-MIL-125 was examined by applying '3C
Nuclear Magnetic Resonance (NMR) spectroscopy on samples loaded with different amounts
of water. In particular, the analysis of (i) cross-polarization (CP) B3¢ Magic Angle Spinning
(MAS) NMR spectra in terms of chemical shift and line width of the carbon signals, (ii) vari-
able contact time '>C CP-MAS experiments, and (iii) longitudinal '3C relaxation times indi-
cated that, upon hydration, a dynamic process occurring on the microseconds timescale
accelerates. This process could be identified with the rotation of the BDC benzene ring
about its C, axis, with water competing with the carboxylic oxygen for hydrogen bonding
with the aminic group. Other motions occurring at frequencies on the order of the 'C
Larmor frequency, i.e. 75 MHz, which contribute to the flexibility of the three-dimensional
network, were detected, and identified with the twisting, libration and translation of the

BDC linker.

Introduction

Metal — organic frameworks (MOFs) are a class of
promising hybrid materials for various potential appli-
cations in the field of gas storage and separation [1, 2]
and thermal energy conversion [3-6], among others.
The adsorption performance of MOFs has been pri-
marily investigated from a thermodynamic point of
view. Kinetic aspects of adsorption have also been
addressed, usually focusing on the diffusion behavior
of guest molecules [7-18]. However, the study of the
concomitant dynamic response of the host framework
is comparatively less common and only recently has
become a hot topic [19, 20]. Indeed, contrarily to
more traditional porous materials, such as zeolites, sil-
ica, or activated carbons, MOFs are more flexible.
This flexibility can lead to the so-called breathing
effect, characterized by large unit cell changes, but can
also be related to minor motions, as local rearrange-
ments of the organic linkers within the hybrid frame-
work, which may give rise to the phenomenon known
as gate-opening [21]. Therefore, gaining an under-
standing of MOFs flexibility at a microscopic level

may drive the design of materials with enhanced
adsorption selectivity and improved working capacity.

In the case of the local rearrangements of the
organic linkers, the dynamics has been investigated in
empty MOFs by experimental methods sensitive to
different time scales [22-24], but only a few studies
focused on the change of the framework dynamics in
the presence of adsorbed species [25-27].

The present work aims to elucidate the influence of
water on the motional behavior of the NH, function-
alized 1,4-benzenedicarboxylate (BDC) ligands in
NH,-MIL-125. This microporous MOF is composed
of TigOg(OH)4-(NH,-BDC)s units, where a cyclic
inorganic octamer is built from TiOs(OH) octahedra
and is connected to other 12 octamers through NH,-
BDC linkers [28]. The octamers are packed according
to a face centered cubic symmetry, with the NH,-
BDC linking them and providing a porous 3D struc-
ture [29, 30].

This MOF has been found to exhibit promising
properties in the field of adsorption heat transform-
ation and storage [31-33] from the point of view of
water capacity and, consequently, thermodynamic effi-
ciency, low temperature regeneration, minor
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Nomenclature

BDC 1,4-benzenedicarboxylate Tcu CP time constant, s
Cp Cross-Polarization T, Longitudinal relaxation time in the laboratory frame, s
DE Direct Excitation Tion 'H longitudinal relaxation time in the rotating
F Factor considering the geometry of motion, frame, ms

dimensionless
h Planck’s constant, J-s Greek symbols
IRMOF  Isoreticular Metal Organic Framework Y . . 1 1ol
M(t) Signal intensity at contact time t in a variable contact TH Y romagnet%c rat}o of lg_l nucleus, rad-s 1 T 1

time CP-MAS experiment, arbitrary units Visc gyromagnetic ratio of °C nucleus, rad-s™"-T
M* Constant proportional to the number of carbon atoms 0 chemical shift, ppm

contributing to the signal in a variable contact time Av line width, ppm

CP-MAS experiment, arbitrary units 0 pore-filling factor
MAS Magic Angle Spinning v intensity of the 'H radiofrequency used for
MIL Material of Institute Lavoisier "H/"C decoupling expressed as a nutation fre-
MOF Metal Organic Eramework quency, Hz
I:;\r/InR I;;?:;re ynjiglﬁztrllc Resonance Tc correlation time of a motion, s

. . 1 .

p/Po Partial pressure of water over the sample divided by @1 llnt6111351ty of the ,H gadiofrequency used f(.)r

the saturated vapor pressure of water H/*°C decoupling expressed as a nutation fre-
r Distance between C and H nuclei, m quency, rad/s
SEM Scanning Electron Microscopy
t Contact time during cross-polarization, s

sensitivity of adsorption capacity and porosity to
adsorption cycles, and efficiency and specific power of
the chilling cycle. It has also been found to exhibit
encouraging properties in the field of gas separation
[34, 35] and liquid phase separation of hydrocarbons
(36, 37].

Here, solid state Nuclear Magnetic Resonance
(NMR) was employed to investigate the mobility of
the BDC ligand. This technique has proven to be one
of the most powerful tools for investigating local scale
structure and dynamics in MOFs [38]. In particular,
to gain insight into the framework mobility in the
presence of adsorbed species, ’H NMR spectroscopy
has been often used [26, 27], a method requiring
deuteration of the sample. In this study, we observed
naturally occurring °C nuclei and no deuteration was
needed. The line width of the ligand ">C signals,
recorded using Cross Polarization (CP) with Magic
Angle Spinning (MAS), was monitored as a function
of the water content, exploring relatively slow motions
on the microseconds timescale. The analysis of vari-
able contact time CP experiments allowed information
on the effect of water on the BDC mobility to be
obtained through the determination of the CP transfer
rate constant, Tcy, and of the 'H longitudinal relax-
ation time in the rotating frame, T, . Faster dynamic
processes were highlighted from the determination of
BC longitudinal relaxation times in the laboratory
frame, Ty, as a function of loading.

The combination of different '*C solid state NMR
methods allowed us to address the important issue of
framework flexibility in a MOF characterized by

promising properties in a variety of applications, for
which an understanding the flexibility at a micro-
scopic level is especially appealing.

Experimental

NH,-MIL-125 was synthesized according to the pro-
cedure described in Ref. [32]. The as-synthesized
product was constituted by primary particles, with an
average size of about 1.8 um as determined by means
of a scanning electron microscope JEOL JSM-6460. A
scanning electron microscopy (SEM) image of NH,-
MIL-125 is shown in Figure 1.

The as-synthesized particles were dried at 150 °C in
vacuo for 20hours and then exposed to a humid
atmosphere to progressively hydrate the sample. The
hydration level was measured gravimetrically and is
reported in terms of pore-filling factor, 0, ie. the
amount of adsorbed water divided by the maximum
adsorbable amount, 0.45g/g, as determined from the
water adsorption isotherm at 21°C at p/p, = 0.43
presented in Figure 2. Samples with ¢ ranging from 0
to 1 were prepared. The water adsorption isotherm
was volumetrically measured, and the pore-filling fac-
tors of the samples investigated are reported in
Figure 2.

A selection of relevant thermophysical properties
available from the literature for this material [32, 39]
is given in Table 1.

Solid state ">’C NMR experiments were performed
on a Bruker Avance Neo-300 WB spectrometer
equipped with a 4mm probe. The operating
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Figure 2. Water adsorption isotherm of NH,-MIL-125 at 21°C.
The line joining the experimental points, represented by
squares, was drawn to guide the eyes. The circles represent
the filling factors of the samples examined in the pre-
sent study.

Table 1. Selection of relevant thermophysical properties of
NH,-MIL-125 available from the literature.

Property Value Reference
Specific heat (J g’1 K=" 0.8-1.2 in the range [32]
300-375K
Apparent density (g cm®) 0.55 [39]
Isostheric enthalpy —54.9-—49.7 depending [32]
of water on loading

adsorption (kJ mol™")

frequencies were 300.13 and 75.47 MHz for 'H and
3C, respectively. The 'H and °C 90° pulse was 4.5
us. The variable contact time '*C CP-MAS experi-
ments were carried out with contact time values rang-
ing from 150 ps to 30ms with a 75kHz 'H rf field.
The CP spectra were acquired accumulating 7200
transients and the recycle delay was 3s. The number
of transients in the *C Direct Excitation (DE) spectra
ranged between 500 and 1000 and the recycle delay
was 125s. The °C T, values were measured applying
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the Torchia sequence [40], with a contact time of
2ms and a recycle delay of 3s. At least 15 delays were
used and 750 transients were acquired for each delay.
The 'H decoupling during signal acquisition was per-
formed using the time proportional phase modulation
scheme with a rf irradiation frequency, v, of
62.5kHz. The rotor spinning rate was 12kHz. The
chemical shifts were externally referenced to the
upfield resonance of adamantane at 29.50 ppm. The
deconvolution of the spectra was performed using the
softwares dmfit [41] and SPORT-NMR [42]. The spec-
tral peaks were fitted through mixed Gaussian/
Lorentzian functions, with the line width defined as
the full width at half maximum of the fitting function.
The peak integrals determined from the deconvoluted
spectra were used for the analysis of the variable con-
tact time and Torchia experiments. The signal decays
in the '*C T, experiments were described by an expo-
nential function, while the evolution of the signals in
the variable contact time CP-MAS experiments was
fitted using the following simplified expression [43]:

—1 . .
M(t) = M (1 - TCH) (¢ — ¢ 7n) (1)

1pH

where M(t) represents the signal intensity at contact
time t, M* is a constant proportional to the number
of carbon atoms contributing to the signal, Tcy repre-
sents the CP time constant, and T,y the proton spin-
lattice relaxation time in the rotating frame. When
this fitting curve failed in reproducing the data, the
following expression was used:

T -1 ——t .t
) (e T — ¢ Ten)
Tl;)Hl

T e
+ <1 - ) (e Tz — e TCH)] (2)
TlpHZ

where two different relaxation times, T, and T},
were required.

The fitting of the ">C T, and variable contact time
data were performed within the Mathematica 10 pro-
gramming environment [44].

M(t) = M Kl -

Results and discussion

The >C CP-MAS spectra of NH,-MIL-125 at different
water loading levels, recorded with a 2ms contact
time, are shown in Figure 3. The spectra highlighted
the occurrence of structural and/or dynamic changes
upon hydration which variably affected the line width
and the chemical shift of the different signals. These
were assigned to the carbon atoms as labeled in the
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180 160 140

120 ppm 100

Figure 3. "3C CP-MAS spectra of NH,-MIL-125 at different pore-filling factors 0. The ">C signals were assigned to the carbon atoms

labeled in the chemical structure.

180 160

120 ppm 100

Figure 4. '*C DE MAS spectra of NH,-MIL-125 at the indicated pore-filling factors.

figure. The assignment was based on that reported in
the literature [45]. No major differences were detected
between CP and DE spectra (shown in Figure 4) apart
from a significant decrease of the C-7, C-8 signals in
the CP spectra compared to the other signals, due to
the much lower efficiency of cross polarization for
these carbons, which is expected considering the lon-
ger distance from the closest protons.

A first striking feature, more evident in the more
hydrated samples, is the presence of more signals than
the eight expected, considering the inequivalent car-
bon nuclei of each NH, substituted BDC unit, and
differently from IRMOF-3, a Zn MOF with the same
ligand, reported in the literature [45]. In particular,
the C-4 signal clearly showed a doublet with 2:1 rela-
tive intensity, at least for pore-filling factors 0 > 0.09.
A similar doublet was also observable for one of the
carboxylate C signals. These doublets were tentatively
attributed to slight structural differences in the

carboxylate linkage to the Ti atoms for the ligands
linking two octamers on the same plane and those
linking two octamers on different planes [30], the
number of the former type of ligands being half of
those of the latter type.

Furthermore, the spectra show changes in the pos-
ition of the signals upon water loading, the chemical
shift also depending on the water loading level. The
chemical shift values for each signal and for the differ-
ent samples are reported in Table 2. The variation in
chemical shift provides insights into the homogeneity
of water distribution in the matrix and on the most
hydrophylic centers. In particular, the chemical shifts
gradually changed, with no contribution from the dry
sample persisting at the higher hydration degrees.
This indicates that water was homogeneously distrib-
uted in all the crystallites. The chemical shift of the
C-2 carbon atom, which is bound to the amino group,
was the most sensitive to filling level, with an upfield
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Table 2. Chemical shifts, 6 (ppm) and line widths (ppm) of the carbon signals in the BDC unit of NH,-MIL-125 at different pore-

filling factors 6.7

0 0 0.09 0.22 0.55 1.00
Carbon 0 Line width 0 Line width Line width o Line width d Line width
C1 116.38 33 116.65 24 117.33 1.2 117.58 11 118.15 1.1
C-2 151.03 1.6 150.73 1.4 148.62 2.5 148.48 2.5 147.30 25
C-3,C5 118.63 1.6 118.77 1.9 119.87 3.7 120.44 3.6 120.98 3.6
C-41 136.36 1.2 136.60 1.1 136.27 0.8 136.27 0.8 136.23 0.8
C42 137.54 1.2 137.57 0.9 137.61 0.7 137.78 0.7 137.80 0.7
C-6 132.17 2.1 132.14 1.6 132.76 37 132.93 3.8 132.88 3.7
C-7,C81 175.95 1.2 175.77 1.2 176.08 0.5 176.16 0.5 176.06 0.5
C-7,C82 174.74 0.8 174.77 1.2 175.63 0.5 175.60 0.4 175.45 0.4
C-7,C83 174.22 0.8 174.32 0.8 175.02 0.5 175.05 04 17497 04

®The "3C chemical shifts and the line widths were determined by fitting the signals in the CP spectra.

shift of more than 3 ppm upon complete hydration,
whereas C-1, C-3 and C-5 experienced a 2 ppm down-
field shift. These trends can be interpreted considering
that water competes with the carboxylic oxygen for
hydrogen bonding with the aminic group.
Consequently, the nitrogen lone-pair is less available
for conjugation with the aromatic ring and hence
reduces electron density in the ortho and para posi-
tions (C-1, C-3 and C-5) according to a mesomeric
effect, causing a downfield shift of the corresponding
signals. On the other hand, the opposite trend of the
C-2 signal is determined by an inductive effect. For
the remaining signals the shift was negligible. In add-
ition, the changes of the mentioned chemical shifts
were more pronounced at low loadings and tended to
level off upon increasing the hydration level. This
indicates that at low fillings water molecules preferen-
tially bind to the hydrophylic NH, groups and thus
significantly perturb their magnetic environment.
Additional water molecules induce a smaller perturb-
ation on the amino environment because they are
located farther from the NH, groups in comparison
with the pre-adsorbed water molecules, with which
they probably form hydrogen bonds. This pore filling
mechanism was suggested to explain the S-shaped iso-
therms of this material [32].

The CP-MAS spectra also showed relevant changes
in line widths for 0 passing from 0.09 to 0.22, remain-
ing constant for higher filling levels. The '*C line
width of the CP-MAS peaks provides information on
relatively slow molecular motions, i.e. on timescales
on the order of 1077-10"° s. The signals due to C-2,
C-3, C-5, and C-6 experienced a sudden broadening
at 0 = 0.22, whereas the C-1, C-4, C-7, and C-8 sig-
nals tended to sharpen up to 6 = 0.22. The line
widths determined from the spectral deconvolution
are reported in Table 2.

In general, signal broadening could arise from the
interference between a molecular motion and the 'H
decoupling. In fact, a molecular motion modulating

the dipolar interaction with a frequency on the order
of that of the "H decoupling field, ey, is expected to
give a contribution to the °C line width, Av, given by
the following expression [46]:

2 2 2
1N '})135
Ava(— p)2lH"te ( e > 3)

1%

w10 1 + wit?

where 7. is the correlation time of the motion, r is the
distance between C and H nuclei, y1;; and yi. are the
gyromagnetic ratios of "H and ’C nuclei, respectively,
and h is Planck’s constant. F is a factor that considers
the geometry of the motion. Three different regimes
may apply: (i) w;7.<1, implying that Av « 7. and
that the line broadening is independent of the rf
decoupling and typically the line is motionally nar-
rowed; (ii) w;7. = 1 and in this case the line is broad-
est; (iii) w;t>1, which means that Av w%rc and
the broadening depends on the rf decoupling strength.
Considering that in our experiments w; = 27 v; =
21 62.5kHz, broadening indicates the presence of a
motion in the microseconds timescale, a maximum

being expected at 7.222.5 ps. A plausible motion on
this timescale could be the 7 flip of the aromatic ring
around the two-fold axis, considering that comparable
correlation time values were found for BDC ring rota-
tional dynamics in other MOFs [22-26]. In a previous
study on dry NH,-MIL-125, a lower boundary of 2.2
us was determined for the rotational correlation time
of the N-H bond [47]. Since the N-H bond is anch-
ored to an aromatic carbon and can move together
with the ring and/or move independently through
rotation around the C-N bond, its motion will be
characterized by a correlation time equal to or shorter
than that of the aromatic ring. Hence, the lower
boundary limit of 2.2 ps applies also to the 7 flip.
This limiting value is very close to the 7. value corre-
sponding to the maximum line width, indicating that,
for the dry MOF, the aromatic flip is in the slow-
motion regime (iii). The significant broadening of the
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C-3, C-5, and C-6 signals at 0 = 0.22 is therefore an
indication of an acceleration of the 7 flip motion. The
insignificant further variation of the line widths of the
C-3, C-5, and C-6 signals at loadings above 0.22 indi-
cates that this motion is not substantially accelerated
with higher water content.

No analogous broadening was observed for the C-
1, C-4, C-7, and C-8 signals. This can be explained
considering the longer distance between these carbons
and the closest protons, and hence the smaller dipolar
decoupling interference effect. On the contrary, these
signals sharpened upon hydration, reaching almost
half their initial line width at = 0.22 and remaining
constant above this value. This effect can be ascribed
to the presence of a high frequency motion which,
upon hydration, would give a more efficient averaging
of the interactions contributing to the line width not
completely averaged by MAS, such as chemical shift
anisotropy. As far as the C-2 signal broadening is
concerned, it should be pointed out that this signal is
significantly affected by the presence of the quadrupo-
lar N nucleus bound to it [48].

Variable contact time '*C CP-MAS experiments
were performed to gain further insight into the
dynamics of the system. In fact, the evolution of the
magnetization, M(t), during the contact time, t,
described in Eq. (1), is governed by the proton spin-
lattice relaxation time in the rotating frame, T,p, and
the cross polarization time constant, Tcy, which are
related to the dynamics of the system. T,y is sensi-
tive to the strength of the static 'H-'"H dipolar inter-
action experienced by a hydrogen atom in close
proximity to the detected carbon and to its dynamics
in the frequency range 10*-10°kHz. If the motional

frequency is smaller than the strength of the 'H rf
irradiation field in frequency units, here equal to
75kHz, an acceleration of the motion will cause a
decrease in T,,y, eventually reaching a minimum
value when the frequency becomes equal to that of
the rf field and then increasing for further acceler-
ation. It is worth to point out that for protons in
short-range spatial proximity (in the nanometer length
scale) spin diffusion may occur whereby the T, val-
ues for protons with different intrinsic relaxation rates
are averaged. As far as Tcy is concerned, its value
gives an indication of the strength of the 'H-">C
dipolar interaction, which depends on the 'H-'’C
internuclear distance and on the motion of the
"H->C internuclear vector, as well as on the number
of protons close to the carbon. The stronger the inter-
action, the more rigid is the system and the higher
the number of protons involved in the CP process,
the shorter the value of Tcy.

The experimental build-up curves of selected carbon
signals as a function of contact time for NH,-MIL-125
loaded at 0 = 0.09 and 1 are shown in Figure 5 together
with the corresponding fitting curves obtained using Eq.
(1), whereas the parameters Tcy and T,y are reported
in Table 3 for each carbon.

In agreement with what expected based on the
BC-'H distances, the protonated carbons showed the
shortest Tcy values, whereas the carboxylate carbons
exhibited the longest ones. Upon increasing the
hydration level, the C-3, C-5, C-6 Ty values tended
to moderately increase, suggesting a slight decrease in
the dipolar interaction ascribable to an increased
mobility of the ring, with motional timescales on the
order of 10 ps or shorter, as for example the n flip

o C-3,C5
S
©
N
=
=
=
o C7,C8
S
©
-
—_~
=
SN
=
0 10 20 30 0 10 20 30
t (ms) t (ms)

Figure 5. Experimental build-up curves of the carbon signals, C-3, C-5 and C-7, C-8, as a function of contact time, t, obtained by
applying variable contact time '*C CP-MAS experiments on NH,-MIL-125 loaded at § = 0.09 (left-hand-side) and 1 (right-hand-
side). Continuous lines are obtained from fitting of the curves according to Eq. (1).
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discussed above. However, contributions from other
motions cannot be excluded. As a matter of fact, dif-
ferent techniques have shown that, in some MOFs,
the aromatic ring of the BDC linker is subject to the
motions sketched in Figure 6, consisting in librations,
out of phase transverse motion and translation and
that the carboxylate groups experience local twisting
and vibrational motion [22, 49, 50]. The same
motions would be the cause of the dramatic increase
in the Tcy values of the non protonated C-1, C-4, C-
7, C-8 carbons; in this case, besides affecting the
orientation of the C-H internuclear vector, some of
the motions depicted in Figure 6 also modulate the
'"H-"*C distance. The carbon bonded to the amino
group showed a peculiar behavior. In the less
hydrated sample a Tcy value significantly shorter
than that displayed by C-1, which has an aromatic
proton at approximately the same distance, could be
ascribed to cross-polarization also from the closer
aminic protons. On the other hand, at the highest
hydration level the C-2 Tcy was close to the values
observed for the non protonated aromatic carbons,
indicating that the cross-polarization from the aminic

Table 3. CP time constant, Tcy, and H spin-lattice relaxation
time in the rotating frame, T4, of the carbon signals in the
BDC unit of NH,-MIL-125 at selected pore-filling factors 6.2

0 0.09 1.00

Carbon Ten (us) Ti,n (Ms) Ten (us) Tipn (ms)
C1 1400 + 200 24+3 2200 + 200 27+3
C-2 53050 11+£2 1500 £ 200 22+3
C3,C5 100+ 10 203 12010 15+3
C-41 1100 £ 200 213 1300 + 200 25+3
C-6 100+ 10 24+3 160+ 20 15+3
C-7,C8 2700+ 200 24+3 3700300 40+3

For the partially overlapped C-1 and C-3, C-5 signals, the parameters
were obtained separately for C-1 and C-3, C-5 carbon atoms after
deconvolution of the signal in the region at about 115-120 ppm into
two distinct peaks. For C-7 and C-8, no deconvolution was performed,
and the parameters were obtained considering the integral of the
region including the signals.

C
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protons is no more effective, probably because of
water exchange and aminic group rotation.

Concerning the T,y values, no significant differen-
ces among the carbon atoms of the less hydrated
MOF were detected, the values being clustered around
20-24ms, with the exception of C-2, for which a
shorter value of 11 ms was observed, indicating the
inefficiency of spin diffusion in averaging the different
T,u values. This may be quite surprising considering
the rigidity of the system and the proximity of the
protons for each BDC unit; however, this phenom-
enon has been demonstrated to occur for local spin
diffusion processes where dipolar couplings with other
nuclei (here °C and '*N) may quench the flip-flop
magnetization transfer between neighboring protons
[51]. As a matter of fact, the fitting of the C-2 build-
up curve could be significantly improved considering
a bi-exponential decay, ascribable to cross-polarization
of the C-2 carbon from two different types of protons,
i.e. the aminic protons and the aromatic H-3 proton
in the ortho position, as shown in Figure 7. It is
worth to point out that the longer T,y value,
19 + 3 ms, is, within experimental error, in the range
of values detected from the other aromatic carbons,
and hence ascribable to the aromatic protons.

The insignificant differences among the T,y values
obtained from the other carbon atoms are not surpris-
ing since these values are relative to aromatic protons
which experience comparable static homonuclear
dipolar interaction and mobility.

Upon hydration, the T,y values measured for C-2,
C-7 and C-8 significantly increased, whereas the C-3,
C-5 and C-6 T,,y ones tended to decrease and the C-
1 and C-4 ones increased only slightly. All this indi-
cates the presence of different proton pools giving
cross-polarization to the different types of carbons.
The lengthening of the C-2 T,,y can be explained
considering that the aminic protons do not participate

d

Figure 6. Sketches of possible simple motions of the benzene ring: libration around the para-axis (a), out-of-phase transverse
motion (b), libration around an axis perpendicular to the benzene plane (c), in-phase transverse motion (d). Adapted with permis-
sion from reference [46]. Copyright 2010 American Chemical Society.
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in the cross-polarization process because they
exchange with water. The increase in the T,y for the
other non protonated carbons can be explained
assuming the contribution of protons belonging to
nearby relatively immobile water molecules, probably
hydrogen-bonded to the carboxylic oxygens. This
would represent the major contribution for the C-7
and C-8 carbons, whereas, in the case of the C-1 and
C-4 ones, the contribution from the closer aromatic
protons would be more significant, mitigating the
effect of water on the T,,y value. The slight decrease
of the C-3, C-5 and C-6 T,y values is ascribable to
an acceleration in the dynamics of the aromatic ring,
revealing a motion with a correlation time in the
microseconds timescale, in agreement with the find-
ings from the changes in line widths.

To obtain information on the faster dynamic proc-
esses invoked in the discussion on the T¢y values, we
measured the '’C longitudinal relaxation times in the
laboratory frame, T}, as a function of loading. This
relaxation time is sensitive to motions occurring at
frequencies comparable to the '>C Larmor frequency,

M(t) (a.u.)

t (ms)

Figure 7. C-2 cross-polarization signal as a function of contact
time, t, in the variable contact time CP experiment and fitting
curves obtained assuming a mono- (dashed curve, T,y equal
to 11+£2ms, Eq. (1)) and a bi-exponential decay (solid curve,
Tipm and Tqpnp equal to 19£3 and 3.0+0.5ms, Eq. (2) for
the sample characterized by the pore-filling factor 6 = 0.09.

here 75MHz. The measured values are reported in
Table 4. In the dry MOF, all the carbon atoms were
characterized by T, values in the range 5-9s. These
values did not significantly change upon hydration up
to 0 = 0.09, but suddenly increased at 0 = 0.22, fur-
ther increasing for 0 = 0.55 and then remaining con-
stant. The increase was more pronounced for the non
protonated carbons C-1, C-4, C-7 and C-8. The
observed °C T, values were surprisingly short, con-
sidering that typical values measured for diamagnetic
crystalline materials range from tens to hundreds of
seconds [52, 53]. The low T, values are a clear indica-
tion of the occurrence of substantial fast molecular
motions. These can be identified with the twisting and
libration of the BDC linker, as sketched in Figure 6.
Although the dynamic processes are common to all
the aromatic carbons, their effect on T, is different
because the interactions involved are different. In par-
ticular, for the protonated aromatic carbons C-3, C-5
and C-6 the dominant interaction is the 'H-">C
dipolar coupling involving the directly bonded proton,
whereas >C chemical shift anisotropy gives a strong
contribution to the relaxation of the non protonated
aromatic carbons C-1 and C-4. The aromatic carbon
bonded to the aminic group may be also influenced
by the dipolar coupling to the '*N nucleus.
Furthermore, in the case of the C-1 and C-4 carbons,
a contribution from the intermolecular dipolar inter-
action with water protons bonded to the carboxylate
oxygens cannot be excluded. The slight difference in
the T; values shown by carbons C-7 and C-8 com-
pared to the non protonated aromatic carbons is to be
ascribed to the different dipolar and chemical shift
anisotropy interactions experienced by the two carbon
sets. In addition, the comparison of T; and line width
dependences on loading suggests some sort of correl-
ation between the acceleration of the fast dynamic
processes and of the relatively slow = flip, implying
that, once water binds to the aminic group and hence
renders the aromatic ring flip energetically less
demanding, the fast processes are also speeded up.

Table 4. "3C longitudinal relaxation time, T, (s), of the carbon signals in the BDC unit of NH,-MIL-125 at different pore-filling fac-

tors 0.2

Carbon 0=0 0 = 0.09 0 =022 0 = 0.55 0 = 1.00
C-1 6.8+0.6 12.1+£0.8 201 19.3+0.7 19.3+£0.7
C-2 54+05 86+08 92+08 9.0+0.7 9.0+0.7
C3,C5 52+04 84406 103+0.5 934038 93+0.8
C-4 7.1+06 14.8+0.7 19+1 182+0.38 182+0.8
C-6 5.6+05 78+0.6 94+0.8 10.0+0.8 10.0+£0.8
C7,C8 87+05 16+1 25+1 25+1 25+1

°For the partially overlapped C-1 and C-3, C-5 signals, the parameters were obtained separately for C-1 and C-3, C-5 carbon atoms after deconvolution of
the signal in the region at about 115-120 ppm into two distinct peaks. For C-7 and C-8, no deconvolution was performed, and the parameters were

obtained considering the integral of the region including the signals.
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Conclusions

By means of solid state ?’C NMR we have demon-
strated that the flexibility of NH,-MIL-125 framework
is modulated by water and provided a picture of the
role of water at a microscopic level. In particular, a
motion involving the BDC ligands, occurring on the
microseconds timescale and identified with = flips of
the benzene rings about the two-fold axis, is acceler-
ated when the pore-filling factor reaches the threshold
value of 0.22. Additional water does not influence this
motion. Simultaneously, fast dynamic processes, prob-
ably involving twisting, libration and translation of
the BDC linker, are accelerated.

This study contributes to provide an understanding of
the mechanisms according to which a guest molecule, in
this case water, affects the linker mobility in a MOF,
which is fundamental for envisaging possible applications.

Additional >C measurements at different tempera-
tures and rf decoupling fields together with the deter-
mination of transverse relaxation times for isolating
the contribution of the rf decoupling/motion interfer-
ence to the line width could provide a more detailed
picture of the role played by water in modulating
NH,-MIL-125 flexibility.
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