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Abstract: Understanding the driving forces controlling crys-
tallization is essential for the efficient synthesis and design of
new materials, particularly ~metal-organic frameworks
(MOFs), where mild solvothermal synthesis often allows
access to various phases from the same reagents. Using high-
energy insitu synchrotron X-ray powder diffraction, we
monitor the crystallization of lithium tartrate MOFs, observing
the successive crystallization and dissolution of three compet-
ing phases in one reaction. By determining rate constants and
activation energies, we fully quantify the reaction energy
landscape, gaining important predictive power for the choice of
reaction conditions. Different reaction rates are explained by
the structural relationships between the products and the
reactants; larger changes in conformation result in higher
activation energies. The methods we demonstrate can easily be
applied to other materials, opening the door to a greater
understanding of crystallization in general.

The formation mechanisms of crystalline materials from
solution have long presented a challenge to researchers,
owing to the multiple length scales involved in the crystal-
lization process. Understanding the driving forces of crystal-
lization can have several profound effects, for example in
polymorph selection, yield, purity, and in defect control. In
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porous metal-organic frameworks (MOFs), which have
applications ranging from gas storagel'™ and catalysis™*” to
separations,®” crystallization depends on a delicate interplay
between dissolution, monomer formation, aggregation, and
formation of a bulk crystal lattice. Denser MOF systems have
also come to the fore, exploiting the synergy between organic
and inorganic components, which results in extreme flexibil-
ity,® 31 multiferroic behavior,'*"! ion dynamics,"*'”! and
electronic conductivity.'*?") However, no single technique
can probe all of the length scales involved in crystallization
and, furthermore, the difficulty in designing in situ experi-
ments under the solvothermal conditions typical for MOFs
has meant that only since 2006 have such studies been
reported.”' =% Of all the bulk in situ techniques used to study
MOF formation to date, energy-dispersive diffraction of
white-beam X-rays is perhaps the most developed, allowing
quantitative information about both crystal nucleation and
growth to be extracted from changes in the intensities of
single diffraction peaks, providing their origin is established
using other, ex situ methods.??%2-2%-31

As important as crystallization kinetics are the underlying
thermodynamics, which ultimately define the relative stability
of competing reaction products. In MOFs, although different
phases can crystallize from similar reagent mixtures, very
little is known about the thermodynamic factors controlling
their formation.[*>* In an effort to understand the competing
formation of different MOF phases, we and others reported
structural analyses and first-principles calculations of 14
dense lithium tartrate MOFs with the formula Li, H,-
(CsH,04)(H,0),.5%*") Such large phase diversity enabled us
to hypothesize that low-density structures, such as Li,(meso-
C¢H,O4)(H,0),5 (1) and Li,(meso-C,H,O) (2a) with gauche
ligand conformation (the preferred conformation of meso-
tartaric acid)® and chelation binding to Li, might be kinetic
products, whereas the denser phase Li,(meso-C¢H,Og) (2b),
which has monodentate binding, should be the thermody-
namic product. Indeed, 2b was shown by DFT calculations to
be 7.59 kJmol™" lower in energy than 2a despite its non-
equilibrium trans ligand conformation, which might result in
a higher activation barrier to its formation (Figure 1).5>%
However, no study has yet been able to link fundamental
thermodynamics of MOF formation with quantitative kinet-
ics; even relative energies of reactants with respect to
products remain undetermined.

To overcome the experimental challenges required to link
thermodynamic insight with new kinetic parameters, we have
performed in situ diffraction using high energy, monochro-
matic X-rays'*! to increase the detected range of d spacings
beyond that obtainable with white-beam X-rays, enabling
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Figure 1. Possible products in the formation of lithium meso-tartrates,
showing ligand conformations and major binding modes as
a Newman projection.

phase identification directly from the in situ data. Reactions
were performed in a large volume reactor, mimicking real
laboratory conditions, between lithium acetate and meso-
tartaric acid in water/ethanol at a series of temperatures
between 40.1(4) and 123.6(3)°C (see Section S1 in the
Supporting Information for details). Phase identification of
the in situ X-ray diffraction patterns reveals that formation of
the thermodynamic product 2b is preceded by two phases:
first by the hydrated analogue 1, and subsequently by the
metastable anhydrous polymorph 2a (Figure 2; Figures S1-S7
in the Supporting Information). The progression of reaction
products, which our evidence suggests occurs through dis-
solution and recrystallization rather than solid-solid trans-

a) 40.1(4) °C b) 104.4(3) °C
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Figure 2. Solvothermal conversions between lithium tartrate MOFs,
showing a, b) the extent of crystallization (a) as a function of reaction
time (t). These data were extracted from c,d) in situ XRD data, where
20 is the diffraction angle. a,c) Hydrated phase 1 (grey points) is
converted into metastable phase 2a (green points), followed by

b, d) conversion of 2a into the thermodynamic product 2b (orange
points). 1 =0.2326 A.
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formations, corresponds to increasing density in the order 1—
2a—2b, in agreement with Ostwald’s rule of stages.[*”

After development of a new crystallization model to fit
the changes in diffraction peak intensity (see the following
section), the rate constants and exponents could be extracted
for most nucleation, growth, and dissolution processes
(Table 1). In general, the MOF formation reactions occur
faster at higher temperatures, such that owing to the delay in
data collection (150-180 s after the start of each reaction), the
crystallization of 1 is missed entirely and the initial rise of 2a
is missed above 96.6(2)°C. For these cases, we can simply
make the qualitative observations that nucleation occurs
faster than could be measured by our experiment, giving the
nucleation rate constant, ky(1), a minimum value of 11 x
103 s™! (conservatively assuming the time of peak nucleation
(ay) occurs midway between t=0 and the start of data
collection, 150-180 s).

Crystallization of 2a was detected at all temperatures, and
the changes in integrated peak intensities were fitted using the
Avrami-Erofe’ev  expression  for  crystal  growth,
a=G(t) =1-exp(—(kgt)"®), where a is the extent of
crystallization, G(f) defines the crystal growth function, kg
is the crystal growth rate constant, ¢ is the reaction time, and
ng is the crystal growth exponent.”! Where the initial rise was
observed such that the effect of nucleation, N(¢), could also be
taken into account, intensities were fitted using the Gualtieri
expression, a = N(t)G(t) = (1/(1 +exp((t —ay)/by)))G(t),
where ay is the reciprocal of the nucleation rate constant ky,
and by is the variance of the nucleation probability distribu-
tion (see Section S2, Table S1, and Figure S8 for detailed
descriptions and fitted parameters).*! Up to 104.4(3) °C, both
kx(2a) and the crystal growth rate constant, k;(2a), increase
with temperature, as expected for thermally activated pro-
cesses. The crystal growth exponent, n(2a), is consistently
less than unity, indicating that growth is surface-reaction
limited, rather than diffusion limited.*”! Unlike other MOF
systems, for which n; could be fixed at integer values
suggestive of particle growth dimensionality,?*?"3141 it
appears as if particle morphology plays no rate limiting role
in the crystallization of the lithium meso-tartrates.

In the past, several equations, including power laws, have
been used to model dissolution kinetics but with limited
physical meaning ascribable to the fitted parameters.*”*”
Given that both 2a and 2b form and interconvert, even
after the insitu heating, with below-quantitative yields
(Table 1; Section S3), we may assume that lithium tartrate
MOFs exist in dynamic equilibrium with dissolved precursors.
It therefore seems reasonable to model the dissolution of
1 and 2a as the time-reversed equivalent of crystal growth,
that is, the Avrami-Erofe’ev equation
D(t) = G(top — 1) =1 —exp(—(kp(top — 1))"™), where ki, is
the dissolution rate constant, n is the dissolution exponent,
and f,, marks the end of the dissolution process, after which
all subsequent growth of the new phase must come from
diffraction-invisible species, that is, monomeric species or
dissolved nuclei. In this way, we can directly compare the rate
constants and the exponents of crystallization and dissolution
to provide meaningful insight into the reaction mechanisms of
the different processes. Combining D(f) with G(f) in a single
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Table 1: Phase identification for the formation of lithium meso-tartrates, showing reaction temperatures, rate constants, and exponents extracted from
kinetic modelling of in situ X-ray diffraction data, plus final products and yields measured ex situ.

T First phasel®” Second phase®* Final phasel
kel D ky ke fe ko o D ky ke Mo D Yield
[x107%s™"]  [x107°s7] [x107°s™] x107°s"]  [x107°s7] [%]
4014 1 - - - 0.93(7) 2.9(3) 2a  1.76(6) 0.574(7)  0783) 2a 30
58(1) 1 - - - 1) 1.5(7) 2a  3.96(10)  243(13)  0362(14) 2b 59
78(2)  2a 129012)  3.25(7) 0.368(10) - - - - - 2b 57
9.6(2) 2a - 7.5(2) 0291(7) - - - - - 2a 39
104.4(3) 2a - 12.3(7) 047(2)  725(13)  0614(11) 2b 02262(3) 345(13)  0577(014) 2b 66
111.04) 2a - 8.9(5) 0.63(5)  10.4(3) 0.76(2)  2b 0538(2)  210(40)  0.160(19) 2b 50
123.6(3) 2a - 7.9(4) 0.73(4)  333(19)  050(2)  2b 0.3782(2) 430(140)  0.33(3) 2b 70

[a] Where the initial rise of the crystallization curve occurred before data collection, nucleation parameters were not extracted. [b] ID =identity of the
phase, ky=nucleation rate constant, k; = crystal growth rate constant, n; = crystal growth exponent, k, =dissolution rate constant, n, =dissolution
exponent. [c] At 78(2) °C and 96.6(2) °C, 2a remained stable for the duration of the in situ experiment. [d] At 58(1) °C and 96.6(2) °C, phase change

from 2a to 2b occurred after the in situ experiment (see Section S3).

expression provides a good fit to the changes in integrated
peak intensity over the course of the entire reaction for 1 and
2a above 104.4(3)°C (see Table S2 and Figures S9-10).
Values of np(1)=2.9(3) and 1.5(7) suggest that dissolution
of 1 is multidimensional, with a heavily temperature-depen-
dent rate constant kp. In contrast, np(2a) is, like ng(2a),
consistently below unity, suggesting that the same reaction
mechanism may indeed be responsible for the dissolution of
2a as for its growth.

Above 104.4(3)°C, the crystallization of the thermody-
namic product 2b was observed. Owing to severe asymmetry
in the sigmoidal crystallization curves (that is, the long initial
rise and short time to reach a plateau) neither Gualtieri nor
Avrami-Erofe’ev crystallization models described the growth
of 2b adequately. Instead, we propose to split the two
functions contained in the Gualtieri model into distinct
sections separated by a refinable variable f,. This variable
gives an estimate of the cross-over between the nucleation-
related regime, which should be dependent on the dissolution
of 2a, and the growth-related regime, which should be
independent: for t <t,,

a=N(1)=(1/(1 +exp((t — ax)/bx))),
and for 1> 1y,

a=G(t) =1 - exp(~ (ka(to — 1))").

Despite the possibility of a discontinuity at r=t¢,g, the split
Gualtieri model provides a much improved fit to both the
extended nucleation process and the crystal growth process
(see Tables S3—4 and Figures S11-12). Furthermore, since at
each temperature ,5(2b) lies close in time to #,5(2a), we can
be confident that the crystal growth parameters of 2b, namely
ks(2b) and ng(2b), are both independent of its nucleation
kinetics and independent of the dissolution of 2a.

In general, there is no reason why simple nucleation—
growth models such as those of Gualtieri and Avrami-
Erofe’ev should fit well when we are dealing with successive
transformations; the growth of the second phase must relate
to the decay of the first, as well as any diffraction-invisible
species already in solution. After formation of phase 2a the
concentration of reactant is lower than the initial concen-
tration, and so the initial rise of 2b takes longer compared to
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2a. As 2b forms, 2a acts to maintain the amount of the
reactant in solution by gradual redissolution. Only once 2a
has completely dissolved (i.e. t>t,p~1,5) does the crystal-
lization curve of 2b resemble conventional crystal growth,
with the formation of a plateau in the crystallization curve
aresult of decreasing reactant concentration as it is used up to
form 2b.

Whilst kg(2b) increases with temperature, ky(2b)
increases to 111.0(4)°C, then decreases at 123.6(3)°C. We
believe this may be because of the increasing importance of
entropy at high temperatures, which is known to stabilize low-
density, metastable polymorphs.*>*! This results in higher
yields of 2a and therefore a lower concentration of reagent
remaining in solution, further inhibiting the nucleation of 2b.
Similarly, k;(2a) decreases slightly above 104.4(3) °C, a likely
effect of lower reactant concentrations induced by the
competing crystallization of 2b. The fact that kg(2b) is
always several orders of magnitude larger than kg(2a) is
a reflection of the larger overall driving force to form the
thermodynamic product from the starting materials.

Activation energies were calculated by using Arrhenius
plots of the rate constant data (Figure S13, Table S5). The
activation energies for nucleation (E,n(2a)) and crystal
growth (E,(2a)) have similar values, 51(6) kJmol™' and
41(3) kI mol !, respectively, suggesting the same rate-deter-
mining process for both. We hypothesize that the ligand-
metal interactions with the necessary conformations for
crystallization of 2a and 2b are generated through reactions
at the growing crystal surfaces, as suggested by the low values
of ng(2a) and ng(2b). These activation energies are lower
than those of prototypical MOFs, HKUST-1 (E,nx=
71.6 kI mol ™) and MOF-14 (E, = 113.9 kI mol"),*" indica-
tive of the lability of the Li coordination sphere compared to
transition metals such as Zn and Cu which are commonly used
in porous MOFs. In contrast, £, (2b) is around four times
higher at 210(80) kJmol !, indicative of the unfavorable
change in ligand conformation necessary for the formation
of 2b. The activation energy for dissolution of 2a, E, ,(2a), is
90(20) kJmol . To our knowledge, this is the first time that
activation energies for both crystal growth and dissolution of
one phase have been obtained from a single experiment.
Importantly, this enables us to calculate a thermodynamic
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quantity from kinetic parameters without the need for
expensive computation or calorimetry. Subtracting E, 5(2a)
from E,p(2a) gives the energy difference between solvated
reactants and 2a: AE,(reactants—2a) = 50(20) kJ mol .

Knowledge of the activation energies allows us to formally
quantify the relationship between formation kinetics and
thermodynamic stability of the lithium meso-tartrates for the
first time. Figure 3 shows the reaction energy profile of the
conversion of solvated reagents—lithium acetate and tartaric
acid—into the MOF phases 1, 2a, and 2b. Relative energies of
each phase are shown by the horizontal lines. The heights of
the curves correspond to activation energies of crystal growth
(Eag) and dissolution (E,p), quantifying the energetics of
the structural changes (for example, ligand conformation,
metal binding modes)™ needed to form each phase. It can be
seen that as thermodynamic stability increases, so does the
activation energy for the formation reaction.

250 )
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50{ e oo mmmmmmmm oo e\ - - b=
Solvated ;
0 reactants 1 N N__ 1 __J v _(iv_)
2a 2b ?‘

§——>

Figure 3. Reaction energy profile (relative to phase 2b) plotting energy
(E) against reaction progress (&) for the formation of lithium meso-
tartrate MOFs. The profile shows experimentally determined activation
energies i) E,(2b) =210(80) k) mol ™', i) Exc(2a) =41(3) k)mol ',

iii) Exp(2a) =90(20) k) mol ™', and thermodynamic stability calculated
by DFTP iv) AE,,(2a-2b) =7.59 k) mol~". The energy profile of 1,
currently undetermined, is shown qualitatively for comparison.

In summary, we have been able to quantify the energetics
of the crystallization of a family of MOFs in terms of both
kinetic and thermodynamic factors. The increased angular
resolution obtained with high-energy, monochromatic X-rays
allows separation of the Bragg peaks of materials with low-
symmetry structures to an extent not possible with previously
used energy-dispersive X-ray methods. Thus, using our setup
we have been able to identify the temperature-dependent
crystallization and interconversion of three different lithium
meso-tartrate phases, enabling the determination of rate
constants and activation energies for nucleation, growth, and
dissolution by fitting two new kinetic models to the changes in
peak intensity with time. The thermodynamically most stable
phase 2b forms via successive intermediates, 1 and 2a, and
requires a substantially larger activation energy to be over-
come for its formation (210(80) kJ mol~' versus 41(3) kJmol !
for 2a) owing to the unfavorable change in ligand conforma-
tion (note that this is in the opposite sense to the Brgnsted—
Evans—Polanyi principle®®). This suggests that changes in
ligand conformation might play a rate-limiting role in the
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formation of MOFs with flexible ligands, even when tran-
sition metals are used. In this system, the differences in
crystallization rates enable isolation of metastable 2a (calcu-
lated to be just 7.59 kITmol ' higher in energy than 2b)F"! but
not 1, which is only fleetingly apparent at the lowest
temperatures. In addition, our ability to extract kinetic
activation energies for both crystallization and dissolution
of 2a from one experiment has enabled us to calculate the
relative thermodynamic stability of the products with respect
to the reactants. To the best of our knowledge, this work
provides the most comprehensive understanding of the
energetics of MOF formation to date and yields improved
experimental and analytical methods for the study of the
synthesis and stability of crystalline materials in general.
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