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ABSTRACT: The CPO-27/MOF-74 series is among the most investigated metal-organic
frameworks because of their usefulness in a diverse range of applications. For specific
applications, it will be important to control the shape and size of the crystallites of the material.
The modulation approach has been successfully used to direct these parameters in the synthesis of
MOFs. Here, we report the synthesis of CPO-27-Ni in the presence of different ratios of benzoic
acid and acetic acid as modulators. Yields, powder X-ray diffraction data, scanning electron
microscopy results, and elemental, thermogravimetric, and gas sorption analyses are compared to
study the influence of the modulator on the product. The results show that we have successfully
synthesized pure CPO-27-Ni independent of the amount of modulator. The modulator affects the
resulting morphology of the crystalline product with a defined variation of particle sizes and
shapes. In addition, ESI-MS has been employed in probing the reaction solutions. It shows the
preferred formation of complexes between the metal cation and the modulator, thus indicating that

the ligand substitution plays a major role in the crystal growth.



1. Introduction Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs)
are materials of infinite coordination networks composed of metal centers linked by organic
ligands in a manner that leads to pores within the framework. They are often associated with high
specific surface areas and are promising for use in a variety of applications [1-5]. The CPO-27-M
series (see Fig. 1), also denoted Ma(dhtp), Ma(dobdc) (dhtp / dobdc = CsH206*) or M-MOF-74,
where M = Co [6], Ni [7], Mg [8], Mn [9], Zn [10], Fe [11-12], Cu [1,13-14], and Cd [15], along
with mixed metal analogues [16], belong to the class of permanently porous MOFs with open
metal sites. The metal centers in the structure are all coordinated to a solvent molecule, which can
be removed upon heating and vacuum, leaving the metal centers with a non-occupied coordination
site (open metal sites) available for interaction with adsorptives [1,6-7,17-22]. Among the
originally reported solvothermal synthetic procedures for the preparation of CPO-27-Ni, there is
actually a large variation in the solvent systems that were employed. Pure product was obtained in
either tetrahydrofurane (THF) and water [7,23], or N,N’-dimethylformamide (DMF) [24].
Recently, CPO-27-Ni has been prepared in a “greener” procedure using only water as the solvent
[25-28].

For many applications, it is important to be able to control the shape, size and uniformity of the
crystallites or particles of the material to ensure homogeneity of the properties in the industrial
process. As an example, one will frequently prefer smaller particles of homogeneous shape and
size to minimize diffusion limitations in porous materials [29], or specific shapes of anisotropic
crystals to achieve correct orientation in membranes [30-31]. Precise control over the
crystallization process is a crucial contribution for achieving uniform particle sizes and shapes and
homogeneity of properties. In 2009, Kitagawa et al. reported that it is possible to influence the

equilibrium governing the self-assembly process in a MOF synthesis by adding a capping reagent



(a modulator) with the same chemical functionality as the organic linker inherent to the particular
synthesis. The modulator interferes with the formation of coordinative bonds between the metal
ions and linker, and its presence generates a competitive situation that regulates the rate of
framework extension and crystal growth [32]. Additionally, the modulator may affect the synthesis
through influencing the pH level [33-34]. The use of modulating agents in MOF syntheses has
proven to be an excellent strategy for controlling the size and/or morphology of MOF crystals [33-
41].

Herein, we focus on how benzoic acid influences the product of the synthesis reaction of CPO-
27-Ni. Some acetic acid results are included for comparison. Both modulators have the same
carboxylic acid functional group as the organic linker (Hasdhtp), see right hand side of Fig. 1,
inherent to the production of CPO-27. To the best of our knowledge, there are only two reports
where monocarboxylic acids are investigated as modulators in the synthesis of CPO-27 (MOF-74)
[42-43]. Pachfule ef al. utilised salicylic acid as a modulator in the fabrication of rod-shaped MOF-
74 [43]. It was found that the addition of salicylic acid modulator directed MOF growth in a rod-
shaped morphology by stabilizing the active metal sites on the MOF crystal surface. More recently,
Albuquerque et al. used benzoic acid in microwave-assisted synthesis to improve the uniformity
of the Ni-MOF-74 product [42]. It was found that the modulator (benzoic acid) and the Hadhtp
linker competitively react with Ni** during the synthesis, which can decrease the reagent
conversion and also modify the crystal morphology. Herein, we present the first comprehensive
investigation into the effects benzoic acid and acetic acid have on the resulting CPO-27 materials
synthesized under solvothermal conditions.

Electrospray ionization mass spectrometry (ESI-MS) has been employed previously in studying

the formation of materials such as zeolites and MOFs [44-51]. Here, we use the technique to probe



the reaction solutions and investigate the influence of benzoic acid on the synthesis of CPO-27-Ni

and -Co.

2. Experimental section
2.1 Instrumentation

Scanning electron microscopy (SEM). A ZEISS Supra 55VP scanning electron microscope
was used. Filament: field emission. kV range: 100 V to 30 kV. STEM detector, EDX detector for
element analyses, WDS detector for element analyses, backscatter detector, cathode luminescence
detector and variable pressure detector. The samples were prepared for SEM analysis by sputter
coating with gold under vacuum.

Elemental analysis (EA). CHN analyses were carried out on an Elementar vario EL III.

Thermogravimetric analysis-differential scanning calorimeter (TG-DSC). A Netzsch
Jupiter STA 449 F1 was used for simultaneous TG-DSC measurements. The temperature program
ran from 30 to 600 °C, with a heating rate of 2 °C min™' and a gas flow of 50 mL min™! using an
80/20 mixture of Ar/Ox.

Powder X-ray diffraction (PXRD). Diffraction data was collected in Bragg-Brentano
geometry using flat disc-shaped sample holders using a Bruker AXS D8 Advance, equipped with
a 9 position multisampler, and monochromatic Cu Kq1 radiation. Whole powder pattern fitting of
the PXRD data using the Pawley method were performed using TOPAS 4.2 to establish phase
purity and obtain the crystallite size using full width at half maximum and integral breadth
approach [52]. No reference material was used to obtain an instrumental resolution function to
calibrate the numerical values of the crystallite sizes. For the purpose of this study, comparison of

the crystallite sizes of different samples relative to each other is sufficient. Peak shapes were



refined using the functions provided by the TOPAS software to account for crystallite size effects
using a Lorentzian and Gaussian convolution. The software calculates the crystallite size
corresponding to the full width at half maximum and integral breadth approach from these
parameters.

Gas adsorption. Nitrogen adsorption measurements were carried out on a BELSORP-max
instrument at -196 °C to confirm the specific surface area and pore volume for the different
samples. The samples were prepared under inert conditions and transferred to the sample cell in a
glove box. Prior to the measurements, the samples were treated at 150 °C for 24 hours in a dynamic
vacuum.

ESI-MS. Data was recorded using an Agilent 6420A triple quadrupole (QqQ configuration)
mass analyser using electrospray ionisation (ESI). It was connected to an Agilent 1200 series LC
module (binary pump, column compartment/oven and auto sampler). The eluent stream was
introduced directly into the source, at a dry gas temperature of 200 °C. The ion polarity for all MS
scans recorded was positive, with the voltage of the capillary tip set at 3500 V. Fragmentor at 175
V and cell accelerator voltage of 7 V.

ESI-MS was used to investigate the effect of the modulator (benzoic acid) on the synthesis of
CPO-27-Ni using a mixture of 1 mmol M(OAc)24H>0, 0.5 mmol Hsdhtp and 0.5 mmol benzoic
acid in a water-THF solvent system. Additional measurements for the analogous synthesis of CPO-
27-Co were performed to help with the assignment of chemical species to m/z traces. In a typical
experiment, an aliquot was taken from the supernatant solution of the reaction mixture after a pre-
defined period time and diluted 1/10 to avoid overloading the detector. Initial reaction solution

were sampled within 2 minutes after combination. The reaction solutions were then heated to 110



°C and followed by ESI-MS over time, from 30 min to overnight. All experiments have been
reproduced several times with the same results.

Materials. All chemicals, reagents and solvents were purchased from Sigma-Aldrich and used
as received without further purification. CPO-27-Ni was synthesized under solvothermal
conditions. The samples used for gas adsorption measurements were processed under inert
conditions. Gases used for gas adsorption measurements were of 99.9995%, or higher, purity and
were purchased from Yara Praxair.

2.2 Synthesis

Preparation of [Nii(C4sH103)(H20)1]'4H20 (CPO-27-Ni) in pure water without modulator.
A mixture of 2,5-dihydroxyterephthalic acid (0.099 g, 0.5 mmol) and nickel(Il) acetate
tetrahydrate (0.249 g, 1.0 mmol) were dissolved in H,O (12 mL) in a Teflon-lined insert (23 mL
volume). After stirring for 5-10 min the insert was placed in an autoclave, sealed and reacted for
up to 24 h at 110 °C in a preheated furnace. The yellow crystalline product was obtained by
filtration, and washed with H>O and ethanol (EtOH), before being left to dry in air. The yields for
([N11(C4H103)(H20)1]4H20) are listed in Table S2. A list of the average EA results is shown in
Table S1. Powder X-ray diffraction confirmed the identity of the compound. The samples prepared
for gas sorption measurements were filtered and dried under inert conditions.

Preparation of [Ni1(CsH103)(H20)1]-4H20 (CPO-27-Ni) in water and EtOH (or THF) with
modulator. 2,5-dihydroxyterephthalic acid (0.099 g, 0.5 mmol) was dissolved in EtOH or THF (6
mL), before modulator (benzoic or acetic acid) (0-30 mmol) was added, and the mixture was stirred
for 5 min. Nickel(II) acetate tetrahydrate (0.249 g, 1.0 mmol) was dissolved in H,O (6 mL). The
two mixtures were combined and stirred for another 5-10 min in a Teflon-lined insert (23 mL

volume) before the insert was placed in an autoclave, sealed and reacted for up to 24 h at 110 °C



in a preheated furnace. Whereas the amount of Hadhtp and Ni(OAc)>4H>0 were kept constant, the
amount of modulator was varied between 0 and 30 mmol. The yellow crystalline products of CPO-
27-Ni were obtained by filtration, and washed with H>O and EtOH, before being left to dry in air.
The yields are listed in Table S2. A list of the average EA results for each modulator amount is
listed in Table S1. Powder X-ray diffraction confirmed the identity of the compounds. The work
up for the samples used in the gas sorption measurements differed in that the product was filtered
and dried under inert conditions.

For further information of experimental details, see section 1 in the SI.

3. Results and Discussion

To investigate the influence of benzoic acid and acetic acid as modulators in the preparation of
CPO-27-Ni we set out to synthesize the material with constant amounts of nickel(Il) acetate and
Hadhtp, whilst varying the amount of modulator from 0 to 30 mmol. To allow for such large
amounts of benzoic acid the modulated syntheses were carried out in a 1:1 mixture by volume of
H>0 and EtOH (and in some cases THF). For comparison reasons we also carried out the reactions
in absence of modulator in the same 1:1 (v:v) H2O:EtOH/THF mixtures. To ensure reproducibility
and reliability each of the benzoic acid reactions in H2O and EtOH were carried out three times,
and yield, PXRD and SEM were recorded for each of these. In addition, we performed experiments
using acetic acid in H>O and THF.

We compare the products obtained using varying amounts of modulator with a sample obtained
using a variation of the method reported by Guasch et al.[27] (see experimental section). The
highly crystalline samples of CPO-27-Ni obtained without use of a modulator had a BET specific

surface area of 1340 m* g\,



3.1 PXRD analysis. All the samples were characterized by powder X-ray diffraction. Figure 2

shows the normalized results for the three non-modulated reactions, 0.5 and 1 mmol benzoic acid
in H>O and THF, and for 0.5-30 mmol benzoic acid in H,O and EtOH. The PXRD pattern for a
material synthesized in H,O and THF with 15 mmol acetic acid is shown in Figure S3, confirming
that these reaction conditions result in formation of CPO-27-Ni.
The crystallite size of the various products was obtained from Pawley profile fits. No reference
material was used to obtain an instrumental resolution function to calibrate the numerical values,
which means the absolute values have limited meaning. However, they do allow comparison of
the crystallite size in the different samples relative to each other, i.e. whether the crystallites in one
sample are larger or smaller than in another. For the non-modulated syntheses, the solvent system
has a clear effect on the crystallite size (Table S3). For either solvent mixture (H>-O and THF or
H>0 and EtOH) there are reductions in the observed crystallite sizes compared to pure H>O. There
is a much smaller difference in crystallite size for the different reaction conditions in the presence
of the modulator. As the amount of modulator is increased, there is only a slight increase in
crystallite size. Thus, the data indicate that the modulator does affect the crystallite size only to a
minor degree, and a much larger effect is actually due to the solvent system used in the reaction.

3.2 Elemental analysis, thermogravimetric analysis and yield. Elemental analyses (Table S1)
and thermogravimetric analyses (Figure S1) were carried out to compare the products of the
different syntheses, ensuring that the results, independent of the method used, resulted in the same
composition. This confirms that we have successfully synthesized the hydrated CPO-27-Ni
material with either solvent combination or modulator. The EA and TG data do not indicate the

presence of significant amounts of modulator in the pores.



While there is no significant difference in yield for the different solvent systems in absence of a
modulator, there are clear effects on the yield for the different solvent combinations depending on
type and amount of modulator (see Table S2). The yields when using benzoic acid as the
modulator, in either HO/EtOH and H,O/THF, follow similar trends, and the solvent combination
appears to have a smaller influence than the choice of modulator. For most amounts of benzoic
acid as modulator, the yields are lower than in the non-modulated reactions for both solvent
combinations. There is a general trend of decreasing yields as the amount of benzoic acid is
increased. One might argue that the product formation might be slowed down by competitive
complexation of the metal ion with the modulating agent. Longer reaction times might then lead
to increased yields. We performed a few exploratory syntheses with longer reaction time of 7d for
selected modulator concentrations in H2O/EtOH, for which we did not observe any significant
change in yield, which indicates that the precipitation reaction had reached equilibrium conditions
already after 1d. In addition, we observe that the yields vary a lot when the amount of the modulator
is high (especially for 20 and 30 mmol benzoic acid in the water-EtOH solvent system), which
indicates that the yield is heavily dependent of the mixing of the reactants. The large amount of
modulator makes it more difficult to stir and mix the reactants perfectly reproducible in the
individual reactions. Such a decreasing trend in yields as for benzoic acid as modulator is not
apparent for acetic acid. In fact, acetic acid in H2O and THF results in the highest yields for any
given amount of modulator, in some cases even higher than for the non-modulated syntheses.

3.3 Scanning electron microscopy (SEM). The morphology of the products from each of the
experiment was investigated using SEM. As discussed in section 3.1, the crystallite size as
calculated from PXRD patterns appears to vary only little as an effect of the presence of the

modulator in the syntheses. In contrast, the SEM micrographs of the different samples do show a



significant change in size and morphology of the CPO-27-Ni particles. Particles are frequently
composed of multiple crystallites, and in those cases one would expect them to be larger. Particle
size and shape vary significantly as a direct consequence of the amount of modulator used in the
synthesis, as can be seen exemplarily in Figure 3 for syntheses with 0 to 30 mmol benzoic acid.
Micrographs of samples when using both benzoic acid and acetic acid in H,O and THF are shown
in sections 7.3 and 7.4, respectively, in the SI.

The choice of solvent system has a direct effect on the morphology and size of the CPO-27-Ni
product already in the absence of a modulator, which is clearly visible in Figure 3a (synthesis in
H>0) and 3b (synthesis in H>O and EtOH). When only water is used in the synthesis as sole solvent,
the product consists of well-defined hexagonal needle shaped crystals of up to 10 um in length,
even though there is significant heterogeneity in size (Figure 3a, see also section 7.1.1 in SI).
Clearly, the crystals grew predominantly along the [001] direction, resulting in larger crystals with
more anisotropic and better-defined shape. In contrast, when the synthesis was performed in a
50:50 v:v mixture of water and EtOH, the product consists of significantly smaller circular
agglomerates of around 5 pm in diameter (Figure 3b, section 7.1.3). Similar features are observed
when using water and THF as solvent system (section 7.1.2 in the SI), for which the product
consists of smaller spherical agglomerates of crystallites.

Upon addition of the modulator within a given solvent system, we observe a change in product
morphology in dependence of the concentration of modulator. Size and shape of the product
deviate from the product obtained without use of a modulating agent. Using 0.5 mmol of benzoic
acid in ethanol and water (Figure 3c) we see similar agglomerates as for 0 mmol in water and
ethanol (Figure 3b), but the agglomerates appear to be growing closer together and are even

connected. In both cases, they consist of smaller crystals originating from the centers of the
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spheres. When 1 mmol of benzoic acid is employed, the agglomerates are less spherical and more
like large compact units (Figure 3d). The individual crystallites appear to be larger than for the
three previous reaction conditions. For 2.5 mmol of benzoic acid, the morphology changes more
dramatically (Figure 3e). The product appears to consist of larger particles of about 10 um
diameter, which actually consist of smaller inter-grown crystals agglomerated into larger “pillar”
like crystals. With 5 mmol of benzoic acid, we obtain product with a mixture of morphologies
(Figure 3f). It contains some smaller hexagonal needle-shaped crystals and much larger compact
block-like particles. These larger crystals become more needle shaped for synthesis with 10 and
even more pronounced with 15 mmol benzoic acid (Figures 3g and h, respectively). For 20 mmol
of benzoic acid, the product is dominated by needle-shaped crystals, which range from very thin
crystallites to larger, thicker and longer needles (Figure 3i). The morphology of the product
changes again with addition of 30 mmol of benzoic acid, for which we observe a uniform product
of thin, needle-shaped crystals that resembles the product obtained in the synthesis using only
water as solvent (Figure 3j).

The results when using a mixture of water and THF as the solvent system (shown in section S7.3
in the SI) are very similar to the results in the water-EtOH system for the low amounts of
modulator, but as the amount of modulator is increased, there is a significant difference observed
between the two solvent systems. While the water-EtOH system result in better-defined needle
shaped crystals when using large amounts of modulator, the water-THF system leads to larger
block crystals.

We have also investigated how the morphology of the product changes when acetic acid is used
as modulator instead of benzoic acid in the water and THF solvent system (see section 7.4 in the

SI). Whilst using benzoic acid typically results in homogenous and reproducible samples, the

11



products when using acetic acid were more varied, despite our best efforts to perform the syntheses
exactly alike. Using 5 mmol acetic acid results in fascinating compact inter-gown particles
displaying what looks like orthogonal angles. With larger amounts of acetic acid, we typically
observe two morphologies of the product, one of which consists of small, compact hexagonal
needle-shaped crystals and the other consists of larger compact crystals. However, using 30 mmol
acetic acid in water and THF sometimes produce perfectly shaped needle crystals, similar to the
pure water synthesis, such as have been observed previously by Pachfule et al. when utilising
salicylic acid as a modulator in the fabrication of rod-shaped MOF-74 [43]. Clearly, the nature of
the modulating agent can have a significant effect on the product morphology.

3.4 Gas sorption measurements. Gas sorption measurements were carried out to investigate
whether there is an effect of the modulator on the textural properties of the product. The gas
sorption properties are one of the main reasons why MOF materials such as CPO-27-Ni are so
interesting [ 1-3]. It is known that the adsorption properties of the compounds in the CPO-27 series
are negatively affected by handling the material under ambient conditions after synthesis [23,53-
55]. We therefore repeated a selection of the experiments, where the samples were filtrated and
subsequently handled under inert conditions. The solvent was exchanged with methanol by
immersion for 30 minutes and subsequent filtration; this process was repeated three times. The
materials were then dried under vacuum at 150 °C for 24 h before the sorption experiments were
carried out. The resulting textural properties are listed in Table 1, with the corresponding isotherms
available in section 8 in the SI. The measurement were focused on syntheses with benzoic acid as
modulator in H>O and EtOH, but one experiment using H>O and THF, as well as one acetic acid

in H>O and THF are included for comparison.
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It is apparent that in the absence of modulator, there is no significant effect of the solvent system
on the textural properties (see three first entries in Table 1), which have values indicating full
accessibility to the pores [23]. Introduction of 1 and 5 mmol benzoic acid to the synthesis leads to
a minor reduction in specific surface area and pore volume (<5 %), independent of the solvent
mixture. As the amounts of modulator are increased further, there is a gradual reduction in specific
surface area and pore volume. The lowest specific surface area is observed for 30 mmol benzoic
acid in H>O and EtOH, where it is only around 74 % of what is obtained for the non-modulated
reactions. In general, the textural properties of the modulated syntheses vary more than what we
observe for the non-modulated syntheses. This might be because there is still a very small amount
of modulator remaining in the product and possibly blocking access to some channels. The
amounts necessary to have such an effect are well below what one would expect to be observable
in the elemental analysis. An attempt to remove such potentially remaining modulator molecules
by extending the solvent exchange with methanol to 24 h did not show a significant change in the
textural properties.

3.5 ESI-MS analyses. ESI-MS was performed to investigate the effect of benzoic acid as
modulator on the synthesis of CPO-27-Ni. While a modulator is typically introduced in large
excess in the syntheses of MOFs [18,32], we could use only lower concentrations of benzoic acid
in the ESI-MS studies due to the sensitivity of the instrument. Thus, a reaction mixture of 1 mmol
M(OACc)24H>0, 0.5 mmol Hadhtp and 0.5 mmol benzoic acid in a water-THF solvent system was
used. Any effects such a small amount of modulator has in solution will only be acerbated at the
more typical higher concentrations.

The assignments for ESI-MS spectra (Figure 4) the species present in the initial mixture of both

nickel(Il) and cobalt(II) acetate tetrahydrate, respectively, with 2,5-dihydroxyterepthalic acid and
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benzoic acid are listed in Table 2. The most dominating species at m/z 77.0 and 105.0 have both
been assigned to benzoic acid, whilst m/z 134.9/135.9 have been assigned to the nickel/cobalt
acetate starting materials, respectively. The remaining species labelled in Figure 4 have been
assigned to metal species coordinated to acetate and/or benzoic acid. These species are also
observed for mixtures of M(OAc)2>4H>O and benzoic acid that were prepared without adding 2,5-
dihydroxyterephthalic acid. In our experience, non-coordinated Hadhtp is difficult to ionize into
the gas phase and observe by ESI-MS in positive mode, explaining its absence from the spectra.

When the reaction mixtures are heated at 110 °C, there are very few changes in the spectra over
a time period of up to 24 h, even compared to the initial mixture at room temperature, except that
the overall intensities are reduced, species at higher m/z become even less intense, and the resulting
spectra look busier compared to the initial ones. Based on the fact that we see little to no evidence
of species that can be assigned to Hadhtp coordinated to Ni**/Co?" it is evident that benzoic acid
competes with Hadhtp for the coordination sites on Ni**/Co*". Species of the metal cation
coordinated to the modulator dominate the spectrum, rather than those of the metal cation
coordinated with the organic linker molecule. The coordination network of the MOF can only be
built up if the modulator ligand is replaced by a linking ligand, and it feels safe to assume that it is
this additional ligand substitution that steers the crystallization under the different modulator
concentrations explored in this paper to yield the variation in morphologies we have observed.

It has been argued whether the effect the presence of the excessive amounts of modulator has on
the pH of the synthesis reaction is the dominating factor in determining the crystallization product
[32-34]. Our observation that even addition of low ratios of modulator lead to predominant
formation of adducts between the metal cation and modulator indicate that the ligand substitution

plays a major role in the crystal growth.
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4. Conclusions. We have studied the effect of using benzoic acid and acetic acid as modulators
on the synthesis of CPO-27-Ni. Syntheses were carried out using a range of modulator amounts to
elucidate systematic effects on the resulting morphology of the product. Irrespective of the nature
or amount of modulator or solvent mixture used, we successfully synthesized phase pure CPO-27-
Ni but differed in yield and morphology.

We find that the morphology of the CPO-27-Ni products is influenced by all three factors: (i)
the solvent system; (ii) the amount of modulator; and (iii) the chemical nature of the modulator. In
water as solvent and in the absence of a modulator, well-defined needle-shaped crystals are
observed, whilst smaller agglomerates are obtained in water-EtOH and water-THF solvent
systems. Upon addition of low concentrations of benzoic acid as modulator, we observe little
difference in morphology for the samples obtained in the water-EtOH and water-THF systems.
When using higher concentrations of benzoic acid, better-defined needle shaped crystals are
obtained in the water-EtOH system, while larger block crystals are formed in the water-THF
system. The use of acetic acid as modulator typically lead to two different morphologies of the
product, one of which consists of hexagonal needle-shaped crystals and the other consists of larger
compact crystals.

The specific surface area and pore volume of CPO-27-Ni samples prepared in the different
solvent systems without use of a modulator were the same and indicated full access to the pores.
The addition of a modulator did lead to a decrease in the specific surface area and pore volume
that scaled with the amount of modulator. Even with the highest concentrations of modulator, high
surface area materials were still obtained.

Analysis of the reaction mixtures during the synthesis of CPO-27-Ni and -Co by ESI-MS

revealed how even small amounts of benzoic acid significantly influence the species present in the
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reaction solution. This confirms that there is a competition for the coordination of the metal cation
between the organic linker and the modulator. The ESI-MS data indicate that there is a preference
for the benzoic acid to coordinate the metal cation when the reactants are still in the solution. The
additional ligand substitution required to build the coordination network in the presence of a
modulator is likely to lead to the increase in particles size, just as observed.

In summary, the modulator approach has been shown to be useful in obtaining CPO-27 with a

defined variation of particle sizes and shapes.
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Table and Figure Captions
Table 1. Results from gas sorption analysis, N> at -196 °C.

Table 2. Assignment of the most dominant species in the spectra of initial 1:0.5:0.5 mmolar ratio

mixtures of M(OAc)24H>0O:Hadhtp and benzoic acid. M = Co and Ni.

Figure 1. (a) The desolvated framework structure of CPO-27-Ni, molecular structure of (b) the

organic linker Hadhtp and the modulators (c¢) benzoic acid and (d) acetic acid.

Figure 2. Comparison of normalized PXRD patterns obtained using the different reaction

conditions (BA = benzoic acid).

Figure 3. CPO-27-Ni synthesized in (a) pure water without modulator and (b-j) water and EtOH,
with addition of (b) 0 mmol; (c) 0.5 mmol; (d) 1 mmol; (e) 2.5 mmol; (f) 5 mmol; (g) 10 mmol;
(h) 15 mmol; (1) 20; and (j) 30 mmol benzoic acid. More information is available in section 7.2 in

the SL

Figure 4. Representative ESI-MS results of the initial mixture of 1:0.5:0.5 mmolar ratio
Co(OAc)24H20, Hadhtp and benzoic acid (blue) and 1:0.5:0.5 mmolar ratio Ni(OAc)24HO,

Hadhtp and benzoic acid (green).
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Table 1. Results from gas sorption analysis, N> at -196 °C.

Modulator Modulator Solvent BET Pore volume Langmuir
amount (acid) system /m?g /cm?® g! /m? gl
/ mmol (calculated at
p/pe=0.5)
0 none H->O 1342 0.52 1475
0 none H>O/THF 1331 0.53 1513
0 none H>O/EtOH 1356 0.52 1486
1.0 Benzoic H>O/EtOH 1304 0.50 1439
5.0 Benzoic H>O/EtOH 1295 0.49 1404
5.0 Benzoic H,O/THF 1315 0.49 1390
10.0 Benzoic H>O/EtOH 1181 0.46 1316
15.0 Benzoic H>O/EtOH 1029 0.40 1136
15.0 Acetic H>O/THF 1173 0.46 1309
20.0 Benzoic H>O/EtOH 1039 0.40 1144
30.0 Benzoic H,O/EtOH 990 0.38 1073
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Table 2. Assignment of the most dominant species in the spectra of initial 1:0.5:0.5 mmolar ratio

mixtures of M(OAc)24H>0O:Hadhtp and benzoic acid. M = Co and Ni.

m/z Assigned to m/z

(Ni) (Co)

77.1 [CeHs]™ 77.1

105.0 [C7HsO]™" 105.0
134.9 [M(CH3COO)(H,0)]"* 135.9
160.9 [(C7HsO2)K]™ 160.9
178.9 [M(C7Hs02)]'* 179.9
250.9 [M2(CH3COO),(OH)]'* 252.9
300.9 [M(C7H502)(C7Hs02)]"* 301.9
354.9 [M2(CH3COO),(C7Hs02)]"* 356.9
416.9 [M2(CH3COO)(C7H502)2]" 418.9
478.8 [M2(C7Hs02)3]" 480.9
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Figure 1. (a) The desolvated framework structure of CPO-27-Ni, molecular structure of (b) the

organic linker Hsdhtp and the modulators (¢) benzoic acid and (d) acetic acid.
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Figure 2. Comparison of normalized PXRD patterns obtained using the different reaction

conditions (BA = benzoic acid).
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Figure 3. CPO-27-Ni synthesized in (a) pure water without modulator and (b-j) water and EtOH,
with addition of (b) 0 mmol; (c) 0.5 mmol; (d) 1 mmol; (e) 2.5 mmol; (f) 5 mmol; (g) 10 mmol;
(h) 15 mmol; (1) 20; and (j) 30 mmol benzoic acid. More information is available in section 7.2 in

the SI.

24



. 105.0
-
©
S——
2 | 7700 13509 480.9
2
3 179.9 3019 4189
< 2520 356.9
_ -~ 1
5 105.0
©
—
S | 770 178.9
T 134.9
o
Q 300.9 416.9
= 3549 478.9

100 200 300 400 500 600 700
m/z

Figure 4. Representative ESI-MS results of the initial mixture of 1:0.5:0.5 mmolar ratio
Co(OAc)24H>0, Hadhtp and benzoic acid (blue) and 1:0.5:0.5 mmolar ratio Ni(OAc)24H-O0,

Hadhtp and benzoic acid (green).
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