
 
 

University of Birmingham

Exploiting in situ NMR to monitor the formation of a
metal–organic framework
Jones, Corey L; Hughes, Colan E. ; Yeung, Hamish; Paul, Alison; Harris, Kenneth D. M.;
Easun, Timothy
DOI:
10.1039/D0SC04892E

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Jones, CL, Hughes, CE, Yeung, H, Paul, A, Harris, KDM & Easun, T 2021, 'Exploiting in situ NMR to monitor the
formation of a metal–organic framework', Chemical Science, vol. 12, no. 4, pp. 1486-1494.
https://doi.org/10.1039/D0SC04892E

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. Apr. 2024

https://doi.org/10.1039/D0SC04892E
https://doi.org/10.1039/D0SC04892E
https://birmingham.elsevierpure.com/en/publications/53e8875b-fe29-49bf-8134-84ce546b1e16


Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
1 

9:
42

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Exploiting in situ
aSchool of Chemistry, Cardiff University, M

3AT, UK. E-mail: HarrisKDM@cardiff.ac.uk
bSchool of Chemistry, University of Birming

UK

† Electronic supplementary informa
10.1039/d0sc04892e

Cite this: DOI: 10.1039/d0sc04892e

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th September 2020
Accepted 17th November 2020

DOI: 10.1039/d0sc04892e

rsc.li/chemical-science

This journal is © The Royal Society
NMR to monitor the formation of
a metal–organic framework†

Corey L. Jones, a Colan E. Hughes,a Hamish H.-M. Yeung, b Alison Paul, a

Kenneth. D. M. Harris *a and Timothy L. Easun *a

The formation processes of metal–organic frameworks are becoming more widely researched using in situ

techniques, although there remains a scarcity of NMR studies in this field. In this work, the synthesis of

framework MFM-500(Ni) has been investigated using an in situ NMR strategy that provides information

on the time-evolution of the reaction and crystallization process. In our in situ NMR study of MFM-

500(Ni) formation, liquid-phase 1H NMR data recorded as a function of time at fixed temperatures

(between 60 and 100 �C) afford qualitative information on the solution-phase processes and quantitative

information on the kinetics of crystallization, allowing the activation energies for nucleation (61.4 �
9.7 kJ mol�1) and growth (72.9 � 8.6 kJ mol�1) to be determined. Ex situ small-angle X-ray scattering

studies (at 80 �C) provide complementary nanoscale information on the rapid self-assembly prior to

MOF crystallization and in situ powder X-ray diffraction confirms that the only crystalline phase present

during the reaction (at 90 �C) is phase-pure MFM-500(Ni). This work demonstrates that in situ NMR

experiments can shed new light on MOF synthesis, opening up the technique to provide better

understanding of how MOFs are formed.
Introduction

Metal–organic framework (MOF) materials are widely studied
and have many applications in areas ranging from gas storage
and separation1–3 to catalysis4 and chemical sensors.5–7

However, mechanistic aspects of MOF formation remain rela-
tively understudied, with the majority of structural information
obtained post hoc. Van Vleet et al. have reviewed the application
of in situ techniques to monitor nucleation and growth of
MOFs,8 including X-ray diffraction9,10 and other X-ray scattering
techniques,11–13 while Cheetham et al. have described progress
over the past 20 years in understanding the parameters that
control crystallization of MOFs in solution.14 Although pre-
nucleation and pre-equilibrium species have been shown to
play a critical role in MOF formation reactions,15 the majority of
studies have focused on nucleation and subsequent crystal
growth.

In the last few years, Wu and co-workers have shown that it is
possible to gain high-quality structural information from in situ
synchrotron XRD measurements on a range of reactions,
providing signicant new insights into the time evolution of
post-nucleation stages of MOF crystallization.16–19 Another
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of Chemistry 2020
example of this approach by Polyzoidis et al. detailed the
formation of ZIF-8,20 while Zahn et al. used in situ energy
dispersive X-ray diffraction to study the coordination-
modulated formation of zirconium fumarate MOFs.21

Recently, X-ray scattering techniques have been combined with
computational studies to determine the factors that control the
nucleation and growth parameters in the polymerisation of 2D
covalent organic frameworks (COFs).22

Microscopy techniques, including liquid cell transmission
electron microscopy (LCTEM)23 and atomic force microscopy
(AFM),24,25 have also become popular in investigating crystal
growth mechanisms. These techniques can be extremely useful
in combination with spectroscopic methods and X-ray scat-
tering experiments, allowing multiple length scales of the MOF
crystallization process to be probed.

To date, however, NMR spectroscopy has not been widely
used to study the evolution of MOF syntheses. Nevertheless,
solid-state NMR is a valuable technique for characterization of
various aspects of MOF materials post-synthesis,26,27 including
host–guest interactions, framework motion, and guest diffu-
sion.28,29 Examples include the use of 129Xe NMR to identify
interactions between frameworks and adsorbed guest mole-
cules in an activated sample of UMCM-1,30 and studies of the
diffusion of CO2 guest molecules within the pores of MOF-74-
Mg.31,32 Notably, these methods all report the post-synthetic
behaviour of MOFs.

In recent years, there has been progress in the development
of techniques to monitor the time-evolution of crystallization of
Chem. Sci.
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organic materials from solution using in situ NMR spectros-
copy,33 both by the application of solid-state NMR measure-
ments34,35 and by combined liquid-state and solid-state NMR
measurements36,37 (the “CLASSIC” NMR technique). The
CLASSIC NMR strategy, in particular, yields information
simultaneously on the time-dependent changes that occur in
the liquid phase (e.g., changes in molecular aggregation and
speciation) and in the solid phase (e.g., changes in the poly-
morphic identity of the solid phase and the amount of solid
produced) during crystallization from solution. In such experi-
ments, the use of a high-eld solid-state NMR spectrometer is
essential to allow monitoring of both the liquid phase and the
solid phase (we note that, if a traditional liquid-state NMR
spectrometer were used to record liquid-state NMR data in
a crystallizing system, the formation of the solid product would
render shimming impossible to maintain). In addition to the
application of these in situ NMR strategies to study organic
crystallization systems, they are also a potentially powerful
approach to gain new insights into MOF formation processes,
including the nature of the initial liquid-phase reaction system
and mechanistic aspects of the formation of the solid product.

Herein, we exploit this type of in situ NMR methodology
(carried out using a high-eld solid-state NMR spectrometer) to
monitor the time-dependent changes that occur in a reaction
system during MOF formation. The proton-conducting nickel–
phosphonate MOF material MFM-500(Ni), rst synthesized by
Pili et al.,38 was chosen for this study as it provides the oppor-
tunity to measure both 1H and 31P NMR spectra and as the
metal sites in the MOF material are non-paramagnetic. By
studying the MOF synthesis at several xed temperatures, we
demonstrate that quantitative kinetic information on the crys-
tallization of MFM-500(Ni) can be obtained, particularly from
the in situ liquid-phase 1H NMR data. Small-angle X-ray
Scheme 1 Adapted synthesis of MFM-500(Ni), in which 1,3,5-benzene-tr
in deuterated solvent (D2O/d7-DMF) at the following temperatures: 60,
dimer pairs in the crystal structure (see Fig. S7† for more detail), (c) structu
blue and green as shown in (b) to show dimer paired stacks, with adjacen
purple, O ¼ red, Ni ¼ cyan).

Chem. Sci.
scattering and in situ X-ray diffraction measurements provide
complementary insight to the mechanism deduced by NMR,
and reveal that formation of the crystalline MOF is likely
preceded by aggregation of the linker into cylindrical stacks in
solution.
Experimental

For our in situ NMR study of the synthesis of MFM-500(Ni), we
simplied the previously reported synthesis38,39 by using only
water and DMF as the solvent mixture (both of which were
deuterated for the NMR measurements) and using increased
concentrations of the reactants nickel nitrate [1.14 M] and
1,3,5-benzene-tri-p-phenylphosphonic acid (BTPPA) [0.57 M]
(Scheme 1). Laboratory syntheses (see ESI† for details) and in
situ NMR syntheses were carried out using different total
volumes but identical concentrations and reactant ratios. In
the in situ NMR experiments, the reaction solution (20 mL) was
inserted into an NMR rotor and heated to the reaction
temperature within the NMR spectrometer, with the experi-
ment carried out at each of the following (xed) temperatures:
60, 70, 80, 90, 100 �C. We note that the accessible temperature
range of such experiments are limited by (i) the upper
temperature limit of the NMR probe (<120 �C in our experi-
ments) and (ii) pressure build-up in the sealed zirconia rotor.
The in situ NMR strategy was implemented by recording a cycle
of three different types of NMR measurement: (a) direct-
excitation 1H NMR (to give the 1H NMR spectrum of the
liquid phase), (b) direct-excitation 31P NMR without 1H
decoupling (to give the 31P NMR spectrum of the liquid phase)
and (c) direct-excitation 31P NMR with 1H decoupling (to give
a 31P NMR spectrum containing contributions from both
liquid and solid phases). This sequence of measurements was
i-p-phenyl phosphonic acid (BTPPA) and Ni(NO3)2$6H2O were reacted
70, 80, 90, 100 �C. (a) Green crystalline solid product, (b) BTPPA linker
re of MFM-500(Ni) viewed along the a-axis. Central linkers are coloured
t linkers shown using atom specific colours (H ¼ white, C ¼ grey, P ¼

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04892e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
1 

9:
42

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
repeated throughout the duration of the experiment. The time
to record one sequence of the three spectra was 7.1 min, rep-
resenting the time-resolution of monitoring the MOF forma-
tion process in the in situ NMR experiment. The total duration
of the experiment at each temperature was established from
laboratory control experiments, and ranged from 4–36 h. For
all NMR measurements, the MAS frequency was 12 kHz, the
recycle delay was 3 s, and 90� pulses were used with nutation
frequencies of 56 kHz (1H) and 42 kHz (31P). For 1H NMR and
31P NMR measurements without 1H decoupling, the acquisi-
tion comprised 4 scans. For 31P NMR measurements with 1H
decoupling, the acquisition comprised 128 scans and 1H
decoupling was carried out using SPINAL-64 (ref. 40) at
a nutation frequency of 56 kHz. More details of the experi-
mental procedures are reported in ESI.†
Fig. 1 Intensity contour plots of the 1H NMR spectra recorded as a fun
individual spectra selected at specific times (indicated by horizontal dash
and (e) 100 �C. Assignments of the three peaks due to aromatic 1H environ
spectra are shown without normalization.

This journal is © The Royal Society of Chemistry 2020
Results and discussion

We focus initially on the liquid-state 1H NMR spectra recorded
in our in situ NMR studies, as they show well-dened evolution
of several distinct resonances throughout the MOF formation
process and provide more detailed information than the 31P
NMR spectra (which are discussed below). Fig. 1a–e shows (as
intensity contour plots) the time-evolution of the liquid-state 1H
NMR spectrum at each temperature; three individual spectra
from the beginning, middle and end of each experiment are
also shown. At each temperature, the 1H NMR spectrum
contains resonances in the range 7–8 ppm due to aromatic 1H
environments (denoted Ha, Hb and Hc) in the linker, assigned in
Fig. 1f (see section S2, Fig. S1† for NMR peak assignments). All
three 1H signals in this range shi non-monotonically as
ction of time in the in situ NMR study of MFM-500(Ni) synthesis, and
ed lines in the contour plots), at (a) 60 �C, (b) 70 �C, (c) 80 �C, (d) 90 �C
ments (denoted Ha, Hb and Hc) in the BTPPA linker are shown in (f). The

Chem. Sci.
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Fig. 2 (a) Intensity contour plot showing the time-dependence of the
in situ 31P NMR spectrum (recorded without 1H decoupling) at 60 �C,
representing the liquid-state 31P NMR signal. (b) Intensity vs. time plot
for the liquid-state 31P NMR signal.
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a function of time during the reaction, initially to lower ppm
and then to higher ppm (Fig. S2†).

To better understand the shis of these 1H signals, 1H NMR
spectra were measured for solutions containing just the BTPPA
linker at room temperature in both d6-DMSO and in the reac-
tion solvent mixture (D2O/d7-DMF) (Fig. S4 and S5† respec-
tively), and also in the reaction solvent mixture at the
temperatures used in the in situ NMR study (Fig. S6†). At room
temperature in d6-DMSO, the 1H NMR peaks are sharp and well-
resolved (Fig. S4†), but in the D2O/d7-DMF mixture (Fig. S5†)
they are broader. Signicantly, the peak due to 1H environments
(Ha) in the central aromatic ring of the linker is at lower ppm
relative to the other aromatic peaks (Hb and Hc), consistent with
aggregation of the linker in the reaction solution. This inter-
pretation is supported by the variable temperature 1H NMR
spectra of the linker in the reaction solvent mixture (Fig. S6†); as
temperature is increased, the peaks become increasingly well-
resolved and shi to higher ppm, consistent with greater
thermally-promoted disaggregation of the linker. We therefore
propose that, at the start of each MOF synthesis, aggregation is
much less prevalent than at room temperature. The positions of
the aromatic proton peaks observed in our in situ 1H NMR
spectra are shown in Fig. S2.† The initial shi to lower ppm over
time is consistent with initial aggregation of the linker (as per
the control experiments just described and in agreement with
conclusions from the SAXS experiments described below), but is
also consistent with the direction of anticipated peak shis on
deprotonation of the BTPPA phosphonic acid groups,41–44 most
notably observed in Hc at the ortho position with respect to the
phosphonic acid substituents.41,45–47 Subsequent to these two
combined effects, and on a more rapid timescale with
increasing temperature, a marked swing in the other direction
downeld to higher ppm is observed for all the aromatic
protons, in line with metal coordination counteracting and
exceeding the effects of deprotonation in particular. Signi-
cantly, these processes are not observable by simply monitoring
nucleation and crystal growth by the other methods outlined in
the Introduction above. The intensities of the 1H NMR peaks for
the linker remain reasonably constant until nucleation and
product precipitation begin, as discussed further below.

At each temperature, there is also a broad peak in the in situ
1H NMR spectra, initially at �6.5 ppm but then shiing grad-
ually towards �4.5 ppm and becoming sharper over the course
of the reaction. The evolution of this peak is ascribed to
a change in the solvent mixture during the reaction, resulting
from liberation of (non-deuterated) water molecules from the
nickel coordination sphere, which ultimately constitute
a signicant proportion of the nal solvent, with simultaneous
H/D exchange. At the end of the reaction, the nominal solvent
ratio d7-DMF : D2O : H2O is approximately 4 : 3 : 1 (v/v/v).
Solvent composition can cause changes in reaction mecha-
nisms and crystallization pathways under hydrothermal
conditions.34,48 However, in our syntheses of MFM-500(Ni),
comparative experiments with deuterated and non-deuterated
solvents carried out at matched temperatures both at 60 �C
and at 80 �C have shown: (i) only MFM-500(Ni) is formed, and
(ii) at each given temperature, visible formation of green
Chem. Sci.
microcrystalline product occurs on the same timescale irre-
spective of the level of deuteration of the solvent.

To corroborate the in situ 1H NMR results, laboratory control
experiments were carried out on a larger scale in which reaction
solutions of identical concentration and reactant ratio were
heated in screw-top vials at 60, 70, 80, 90 and 100 �C. For the
experiment at 80 �C, 1H NMR and 31P{1H} NMR spectra were
recorded ex situ for samples extracted periodically from the
reaction solution, showing good agreement with the in situ
NMR results (Fig. S8†). In the laboratory-control experiment at
each temperature, the reaction occurred on a similar timescale
to the corresponding in situ NMR experiment. Both sets of
experiments produced a green crystalline material, which was
shown by powder XRD to be phase-pure MFM-500(Ni) (Fig. S9†).
In both the in situ NMR experiments and the laboratory-control
experiments at all temperatures studied, this material was the
only crystalline product observed.

We now consider the 31P NMR spectra recorded (with and
without 1H decoupling) in the in situ NMR study. Fig. 2a shows
an intensity contour plot of the in situ 31P NMR spectra recorded
without 1H decoupling (giving liquid-phase 31P NMR data) as
a function of time during the MOF synthesis at 60 �C (and the
rst spectrum recorded in this experiment is shown in
Fig. S10†). At this temperature, a single, broad peak is observed,
and distinct 31P resonances from different linker environments
This journal is © The Royal Society of Chemistry 2020
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are not resolved. The intensity of the signal decreases over the
course of the experiment, consistent with loss of the linker from
the solution phase. The intensity drops markedly from ca. 9 h
(Fig. 2b) and continues to decay until ca. 20 h, comparable to
the behaviour observed in the in situ 1H NMR data at 60 �C (see
Fig. 3).

The in situ 31P NMR spectra recorded with 1H decoupling
(which contain contributions from both liquid and solid pha-
ses) are uninformative regarding the formation of solid MFM-
Fig. 3 Intensity vs. time plots for the three aromatic peaks of the BTPP
obtained using the Gualtieri model (red lines). Oscillations in the peak in
variations in the probe tuning.

This journal is © The Royal Society of Chemistry 2020
500(Ni) as the signal in these spectra remains broad and weak
throughout the MOF formation process, possibly as a result of
tuning/arcing problems experienced during measurement of
these spectra. The rst spectrum of this type recorded in the in
situ NMR study at 60 �C is shown in Fig. S10.† At higher
temperatures, the in situ 31P NMR spectra recorded with 1H
decoupling are also uninformative due to the broadness of the
peaks and weakness of the signal. For comparison, the solid-
state 31P NMR spectrum for a powder sample of MFM-500(Ni)
A linker obtained from the in situ 1H NMR data, together with the fits
tensities in the first �8 h of the experiment at 60 �C were caused by

Chem. Sci.
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prepared ex situ, recorded under analogous conditions to the in
situ 31P NMR spectra with 1H decoupling, is shown in Fig. S11.†
While we have no clear explanation for the broadness of the
solid-state 31P NMR spectra recorded with 1H decoupling in the
in situ study, it is conceivable that some amount of para-
magnetic Ni may be present in the solid phase formed during
the reaction, possibly as a result of octahedral complex forma-
tion during synthesis or at defect sites in the framework.49

To analyse the formation of solid material during the
syntheses, an in situ study of the reaction at 90 �C was carried
out on beamline I12 at Diamond Light Source,50 recording the
evolution of the powder XRD pattern as a function of time. An
induction period of ca. 80 min is observed prior to formation of
crystalline material of sufficient particle size to be observed by
X-ray diffraction. The powder XRD data conrm that the rst
crystalline phase that appears is MFM-500(Ni), with no other
crystalline phases observed at any stage of the reaction
(Fig. S12†). Furthermore, the initial rise in the amount of MOF
present is consistent with the rate of loss of the 1H NMR signal
due to the BTPPA linker (Fig. 3). Unfortunately, the reaction
kinetics could not be reliably determined from the powder XRD
data as the high concentration of the reaction solution (used to
mimic the conditions in our in situNMR study) resulted in rapid
formation of clumps of crystallites which tended to drop
unpredictably out of the measurement region in the sample
tube, leading to irregular drops in signal intensity (Fig. S13†).
Instead, a quantitative kinetic analysis of the MOF formation
process based on the results from our in situ 1H NMR study is
presented below; in this regard, we emphasize that a distinct
advantage of the in situ NMR approach is that the data are
measured for the whole sample volume throughout the exper-
iment. The slightly longer induction time for product formation
in the in situ powder XRD experiment can be attributed to the
need to form crystalline particles of sufficient size to observe
sharp peaks in the powder XRD data. In order to characterize
the formation of smaller particulates that are potentially invis-
ible to the powder XRD measurements, ex situ studies of MFM-
500(Ni) formation were carried out using small-angle X-ray
scattering (SAXS).

The timescale of the reaction at 90 �C, investigated by in situ
powder XRD, was too fast for reliable SAXS measurements at
this temperature. Instead, the reaction was carried out in the
laboratory at 80 �C and SAXS data were recorded ex situ on
samples extracted from the solution during the rst 4 h of the
reaction. Data analysis (Fig. S14 and S15†) shows the initial
formation and growth of core–shell cylindrical particles, elon-
gation of which accelerates at around 135 min. This observation
is consistent with the period corresponding to the signicant
decrease in the intensity of the linker protons in the in situ 1H
NMR experiment from ca. 2.5 h onwards (Fig. 3). These data
support the concept of pre-aggregation of the linkers in the
reaction solution, as observed in the variable-temperature 1H
NMR spectra of the linker described above (Fig. S4, S5 and S6†),
with metal ions bridging these aggregates to form core–shell
cylinders that grow throughout the initial period (see Section
S16 of ESI† for more details). Furthermore, the crystal structure
of MFM-500(Ni) contains ligand “dimers” in a staggered
Chem. Sci.
conformation with respect to the three arms of each linker
around the central phenyl ring, which are then eclipsed to the
next pair of dimers in the ligand “stack” along the c-axis, all of
which are bridged by columns of metal ions (Fig. S7†).38 We
propose that the cylindrical structures suggested by the SAXS
experiment may be the precursors for these stacks (Fig. S16†).

We now focus on establishing quantitative information on
the reaction kinetics from analysis of the time-dependence of
the peak intensities in the in situ liquid-state 1H NMR spectra
(Fig. 1a–e). At each of the ve reaction temperatures, the
decrease in peak intensities as a function of time for the three
aromatic 1H resonances of the BTPPA linker (Ha, Hb and Hc) was
successfully tted using the two-stage model of Gualtieri.51 All
peaks in each 1H NMR spectrum were tted to Lorentzian
lineshapes, with the ve overlapping peaks at higher chemical
shi tted simultaneously (an example is shown Fig. S3†). Each
Lorentzian was dened by chemical shi, linewidth and
intensity, with polynomial functions used to t the baseline of
the spectrum. From such tting of the 1H NMR spectra, the
time-dependent intensities for the three linker peaks were
established. These intensities were then normalized by scaling
the values so that the highest intensity for each peak was set to
unity (Fig. 3).

The Gualtieri model for nucleation and growth was used to
t our experimental data of peak intensities as a function of
time (recalling that our measurements probe the decrease in
peak intensities due to loss of the BTPPA reactant from the
solution phase) using the following equation for the relative
intensity of each peak as a function of time:

Irel
�
t; kn; kg; b; n

� ¼ 1�
 

1� exp
���kgt�n�

1þ exp
���t� kn

�1�b�1�
!

In this expression, kn is the rate constant for nucleation, b is
proportional to the standard deviation of the mean nucleation
time (1/kn), kg is the rate constant for crystal growth and n
denotes the dimensionality of the growth process. At a given
temperature, the time-dependence of all three peak intensities
was tted simultaneously using this model giving a single set of
values of kn, kg and b, with only a scaling factor (sj) varied
independently for each peak (labelled j ¼ 1, 2, 3). Thus, the
intensity of peak j at temperature T and time t is given by:

I ðjÞ
�
t; sj ; k

ðTÞ
n ; kðTÞ

g ; bðTÞ
�
¼ sjIrel

�
t; kðTÞ

n ; kðTÞ
g ; bðTÞ; n

�
Consequently, the tting of the data at each temperature

involved only six tted parameters: s1, s2, s3, kn, kg and b. At each
temperature, the tting process was carried out for different
(xed) values of the parameter n (with n¼ 1, 2 or 3). In all cases,
the best ts were obtained using n ¼ 1. The values of kn, kg and
b obtained from the tting process at each temperature are
given in Table S1 (see section S5 of ESI).†

As shown in Table S1,† the tted parameters at 60, 70, 80 and
90 �C show the expected trends of increasing rate constants for
nucleation (kn) and growth (kg) as temperature is increased, as
well as a decrease in the standard deviation in the mean
nucleation time (b) as temperature is increased. The probability
distributions for nucleation as a function of time, determined
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The nucleation probability distribution for MFM-500(Ni)
formation, obtained by fitting the in situ 1H NMR data to a Gualtieri
model at each temperature studied. Arrhenius plots for (b) nucleation
and (c) growth of MFM-500(Ni) using the values of kn and kg,
respectively, determined from our in situ 1H NMR data. In each case,
the best-fit line was calculated using the data points for 60, 70, 80 and
90 �C, as discussed in the text.
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from the kinetic parameters, are shown in Fig. 4a (see Section S5
of ESI†) and also exhibit the expected variation with tempera-
ture. The kinetic parameters determined at 60, 70, 80 and 90 �C
are found to exhibit Arrhenius behaviour (Fig. 4b and c),
allowing the activation energies for the nucleation and growth
of MFM-500(Ni) to be determined as Ea

(n) ¼ 61.4 � 9.7 kJ mol�1

and Ea
(g) ¼ 72.9 � 8.6 kJ mol�1, respectively. These values are

comparable to the activation energies of other single-phase
forming reactions at similar temperatures determined using
diffraction-based approaches.52–56 We note that the rate
constant for growth (kg) determined at 100 �C is slightly lower
than at 90 �C and clearly represents an outlier in the Arrhenius
plot for the growth kinetics (Fig. 4c); for this reason, the results
at 100 �C were omitted from the calculation of activation
energies.57
This journal is © The Royal Society of Chemistry 2020
Conclusions

In summary, we have demonstrated the successful application
of in situ NMR methodology to monitor the formation of MFM-
500(Ni), yielding information on the time-evolution of the
liquid phase prior to and during MOF formation. In particular,
monitoring the time-dependent changes in 1H signal intensities
allows activation parameters to be determined for the nucle-
ation and crystal growth processes. This method extends the
scope and capability of in situ monitoring of MOF syntheses,
most signicantly with regard to early-stage processes in the
liquid phase, offering the possibility to gain new information
that is typically unattainable by X-ray scattering techniques.
This type of kinetic study of MOF formation, in which we
rationalise the various processes involving the exchangeable
and non-exchangeable 1H environments, is equally applicable
to carboxylate-based MOFs. Since most reported MOF linkers
contain 1H nuclei, the use of a solid-state NMR spectrometer
with the in situ 1H NMR methodology described in this work
should be equally applicable to almost all linkers, whether they
are carboxylate-based, imidazolate-based or other types of
organic linker. Indeed, other spin-active nuclei could just as
readily be probed to provide even greater depth of under-
standing of MOF formation processes, such as 13C NMR (e.g.
studies of 13C-labelled carboxylate groups in linkers) or 19F NMR
(e.g. for MOFs containing uorinated linkers). Of course, the
specics of the NMR measurement technique will depend on
the particular material of interest, but the same approach is
widely applicable.

In this work, we found that ex situ SAXS and in situ powder
XRD provide complementary and conrmatory information on
the MFM-500(Ni) growth process, showing that formation of
cylindrical linker-based aggregates precedes the appearance of
crystalline MFM-500(Ni). Accessing precise chemical informa-
tion about the early stages of MOF formation is still challenging,
and future mechanistic investigations would do well to focus
initially on the simplest systems available (e.g. single-solvent).
Furthermore, at very early time points in the process when the
concentrations of intermediates and product are very low, the
application of new dynamic nuclear polarization (DNP)
approaches may offer sensitivity enhancements that give new
insights (as demonstrated recently in DNP solid-state NMR
studies of crystallization of organic materials58). Such experi-
ments could be based on existing, largely static studies to
characterize MOFs post-synthesis.26,59–61 In the context of in situ
studies of materials formation processes, there are disadvan-
tages of DNP in comparison to the approach outlined in the
present work as DNP requires the presence of a potentially non-
innocent polarizing agent and as signicant DNP intensity
enhancement is observed only at low temperatures – making it
less well suited to studying many MOF syntheses in situ.

The combined approach described in this work offers
chemical insight into the dynamic solution-state supramolec-
ular chemistry during MOF synthesis and highlights that the
chemistry of the solution-state prior to formation of a long-
range ordered product might be key to understanding MOF
Chem. Sci.
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assembly. Further MOF syntheses are currently under investi-
gation by the in situ NMR method, which can readily be
extended to interrogate other NMR-active nuclei.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

T. L. E. gratefully acknowledges the Royal Society for the award
of a University Research Fellowship (6866). We thank Cardiff
University and the EPSRC (grant reference EP/L504749/1) for
funding. H. H.-M. Y. thanks the Samuel and Violette Glasstone
Bequest for a Fellowship. We are grateful to the UK High-Field
Solid-State NMR Facility for the award of spectrometer time.
This facility was funded by EPSRC and BBSRC (contract refer-
ence PR140003), as well as the University of Warwick, including
part funding through Birmingham Science City Advanced
Materials Projects 1 and 2 supported by Advantage West
Midlands and the European Regional Development Fund. The
in situ powder XRD study on beamline I12 was supported by
Diamond Light Source (beamtime EE16450). We thank Sebas-
tian Henke, Roman Pallach, Niclas Heidenreich and Nghia Vo
for assistance with in situ powder XRDmeasurements, and Dinu
Iuga for assistance with NMR measurements.
References

1 J. R. Li, R. J. Kuppler and H. C. Zhou, Chem. Soc. Rev., 2009,
38, 1477–1504.

2 R. E. Morris and P. S. Wheatley, Angew. Chem., Int. Ed., 2008,
47, 4966–4981.

3 H. Li, K. Wang, Y. Sun, C. T. Lollar, J. Li and H.-C. Zhou,
Mater. Today, 2018, 21, 108–121.

4 J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and
J. T. Hupp, Chem. Soc. Rev., 2009, 38, 1450–1459.

5 L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van
Duyne and J. T. Hupp, Chem. Rev., 2012, 112, 1105–1125.

6 F.-Y. Yi, D. Chen, M.-K. Wu, L. Han and H.-L. Jiang,
Chempluschem, 2016, 81, 675–690.

7 Y. Zhang, S. Yuan, G. Day, X. Wang, X. Yang and H.-C. Zhou,
Coord. Chem. Rev., 2018, 354, 28–45.

8 M. J. Van Vleet, T. Weng, X. Li and J. R. Schmidt, Chem. Rev.,
2018, 118, 3681–3721.

9 F. Millange, M. I. Medina, N. Guillou, G. Férey, K. M. Golden
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Chem. Soc. Rev., 2017, 46, 239–274.

30 H. Hoffmann, M. Debowski, P. Müller, S. Paasch,
I. Senkovska, S. Kaskel and E. Brunner, Materials, 2012, 5,
2537–2572.

31 X. Kong, E. Scott, W. Ding, J. A. Mason, J. R. Long and
J. A. Reimer, J. Am. Chem. Soc., 2012, 134, 14341–14344.

32 L.-C. Lin, J. Kim, X. Kong, E. Scott, T. M. McDonald,
J. R. Long, J. A. Reimer and B. Smit, Angew. Chem., Int. Ed.,
2013, 52, 4410–4413.

33 K. D. M. Harris, C. E. Hughes, P. A. Williams and
G. R. Edwards-Gau, Acta Crystallogr., Sect. C: Struct. Chem.,
2017, 73, 137–148.

34 C. E. Hughes and K. D. M. Harris, J. Phys. Chem. A, 2008, 112,
6808–6810.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04892e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
1 

9:
42

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
35 C. E. Hughes and K. D. M. Harris, Chem. Commun., 2010, 46,
4982–4984.

36 C. E. Hughes, P. A. Williams and K. D. M. Harris, Angew.
Chem., Int. Ed., 2014, 53, 8939–8943.

37 C. E. Hughes, P. A. Williams, B. M. Kariuki and
K. D. M. Harris, ChemPhysChem, 2018, 19, 3341–3345.

38 S. Pili, S. P. Argent, C. G. Morris, P. Rought, V. Garćıa-Sakai,
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44 G. Hägele, Molecules, 2019, 24, 3238.
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