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Abstract: The combination of two analytical methods includ-
ing time-resolved in situ X-ray diffraction (XRD) and Raman
spectroscopy provides a new opportunity for a detailed analysis
of the key mechanisms of milling reactions. To prove the
general applicability of our setup, we investigated the mecha-
nochemical synthesis of four archetypical model compounds,
ranging from 3D frameworks through layered structures to
organic molecular compounds. The reaction mechanism for
each model compound could be elucidated. The results clearly
show the unique advantage of the combination of XRD and
Raman spectroscopy because of the different information
content and dynamic range of both individual methods. The
specific combination allows to study milling processes com-
prehensively on the level of the molecular and crystalline
structures and thus obtaining reliable data for mechanistic
studies.

Over the past decade, mechanochemistry has attracted
significant interest as a fast and effective method for
obtaining pure compounds.'! The method is a promising
alternative synthesis strategy for inorganic, metal-organic,
and organic compounds."*? Despite the wide application of
mechanochemistry the mechanisms of milling reactions are
not fully understood. Typically, mechanistic information is
derived from ex situ experiments which include an interrup-
tion of the synthesis for sample drawing.”! Air-sensitive or fast
converting intermediates and fast phase changes cannot be
detected under these conditions. In addition, products result-
ing from an interrupted synthesis might differ from those
obtained in a continuous synthesis.'"™*! So far, the inability to
monitor these reactions directly insitu precludes detailed
mechanistic studies.

Pioneering in situ investigations of milling processes using
either Raman spectroscopy or synchrotron X-ray diffraction
have been reported recently.’) To access complete and
comprehensive information on the reaction mechanisms,
there is a necessity to combine XRD and Raman spectros-
copy in one experiment. This combination has the following
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immediate advantages: 1) an integral information on the
composition of the crystalline material, its transitions, and
crystallite size together with 2) information on the molecular
level of either crystalline, nanocrystalline, amorphous, liquid,
or volatile phases. When studying milling reactions under
realistic conditions, it is even more appropriate to rely on two
methods in order to exclude measurement artifacts. Conse-
quently, the combination of these methods in one experiment
presented here allows to observe simultaneously the complete
formation process on the molecular and crystalline level. The
formation of the MOFs ZIF-8 (1) and (H,Im)[Bi(1,4-bdc),]
(2), the metal phosphonate CoPhPO;*H,0O (3), and the 1:1
cocrystal theophylline:benzoic acid (TP:BA) (4) were ana-
lyzed under realistic milling conditions to examine the
applicability of the setup.

Figure 1a shows the setup including the ball mill, a Per-
spex grinding jar, the Raman probe head, and the optical path
with CCD detector for XRD. The experiments were per-
formed at frequencies between 30 to 50 Hz covering reaction
times of 15 or 30 minutes. Raman spectra and XRD patterns
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Figure 1. a) Schematic diagram of the experimental setup for collecting
Raman spectra and XRD powder patterns during the mechanochemical
synthesis. Raman spectra and XRD patterns were typically collected
every 30 s. The vibration ball mill is used with 10 mL Perspex grinding
jars and two 10 mm stainless steel grinding balls. During the measure-
ments the grinding jar oscillates around the position of measurement.
b—e) View of the crystal structures of the investigated metal-organic
frameworks ZIF-8 (Zn(Melm), (Melm =2-methylimidazolate)) 1 and
(H,Im)[Bi(1,4 bdc),] (Im=imidazole, bdc=benzenedicarboxylate) 2,
the metal phosphonate cobalt(ll) phenylphosphonate monohydrate
CoPhPO;*H,0 (Ph=phenyl) 3, and the cocrystal theophylline:benzoic
acid (1:1) 4.
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were collected every 30 seconds. The experiments can be  a) ;5 ) Time
carried out under characteristic and realistic synthesis 4 ot are 213 10 [min]
conditions in typical quantities and volumes. These ' ! ' 15
experiments represent, to the best of our knowledge, _MA_J_,__N_”_/\‘A_J
the first study of this kind. The results promise a wide ‘ M?
applicability of this approach for mechanistic studies of L o M55
milling reactions. T : WJ\‘J‘ o

The mechanochemical synthesis of the metal-organic % 3 N ISV
framework ZIF-8 1 was investigated under ionic-liquid- £ § : Mis
assisted grinding (ILAG) conditions (Figure 1b). Zinc : N WSS SV Py
oxid and 2-methylimidazole were ground together in the m 1
presence of small amounts of ammonium nitrate and ‘ L Mo —
dimethylformamide (DMF). The in situ diffraction pat- \ Wgs
terns and simultaneously recorded Raman spectra are o e e 14'51161°'3perspex
shown in Figure S2 (see the Supporting Information) 0 : . ! | e L
together with a detailed description. The data obtained 5 10 15 20 25 30200 400 600 800 1000 1200 1400 1600

201[°] Raman Shift [cm™]

reveal a direct reaction to the final product which
proceeds within 2 minutes milling time. The Raman Figure 2. Synthesis process of the metal—-organic framework (H,Im)[Bi(1,4-
spectra indicate a decelerated adjustment of the 2- bdc),] 2 followed in situ by a) synchrotron XRD a.nd b) Raman spectroscopy.
methylimidazolate molecule in the crystal structure of 1. The first measurem,em_oﬁhe _Rama"_ plot (gray) is the Ramifm spectrum of
The compound (H,Im)[Bi(14 bdc),] 2 (Figure 1c) the empty 'Perspex jar, indicating which mode§ of the following 'synth.e5|s

p. 25 e & process arise from the sample holder and which from the reaction mixture.
was chosen since exsitu investigation using standard —yejjoy,. reactants, blue: intermediate (activated Bi*" species) and terephthalic
laboratory XRD measurements and Raman spectrosco-  acid, purple: product 2 and terephthalic acid, red: product.
py indicated the existence of an intermediate phase.® ™

Figure 2 shows the insitu data acquired during the

mechanochemical synthesis of 2. The synthesis is per- during the formation of the intermediate is confirmed by the
formed by milling bismuth(III) nitrate pentahydrate and Raman data.
terephthalic acid together with an excess of imidazole for The mechanochemical synthesis of the metal phoshonate

15 minutes. The combination of XRD and Raman spectros-  cobalt(II) phenylphosphonate monohydrate (CoPhPO;*H,0,
copy reveals the fast formation of the intermediate starting 3 Figure 1d) was chosen as a model compound for layered
from bismuth(III) nitrate pentahydrate and imidazole within  structures. The reactants cobalt(II) acetate tetrahydrate and
1 minute. Both sets of data indicate that the product is  phenylphosphonic acid were ground together in an equimolar
synthesized quickly from the intermediate and terephthalic  ratio. The data obtained in situ is consistent with a two-step
acid. Additionally, both methods indicate a milling period formation process comprising an intermediate (Figure 3).
until 6.5 minutes where the product2 and there-

phthalic acid are present in the reaction mixture

before the pure product is gained as white powder. 3)27.5i b) 10.‘,'611'51 BN Time
i [min]
The XRD patterns reveal a completed conversion M
of the starting materials (Figure 2 a, yellow) bismuth- N

6.5
(IIT) nitrate pentahydrate and imidazole after a mill- WJJ/J\//V/A"‘ aw

ing time of 1 minute, whereas terepthalic acid is still
present in the XRD pattern of the reaction mixture.
Bismuth(III) nitrate pentahydrate and imidazole
form an intermediate which is characterized by
a strong reflection at 6.5° (Figure 2a, blue). The
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powder pattern is in good agreement with the J\\'\\

diffractogram of the basic bismuth nitrate o8

Bi;O5(OH)y(NO3)«(H,0),/" After a milling period P N,
307 7719 1030 3075

of 2.5 minutes the XRD pattern indicates the reac-

tion of the intermediate with the unchanged tereph- ‘ N _AMJ/J\[//\L—I\M Perspex

thalic acid to form 2. The reflections of the inter- 0 : : . : T/

mediate vanish directly whereas pure terephthalic S0 T8 2025 30 200400 600 500 1o 100 1400 003000 310
. . . 20[° R Shift [em”

acid can be detected for a prolonged milling time of 1 aman Shiftfem’]

6 minutes (Figure 4a, purple). The product is formed Figure 3. Synthesis process of CoPhPO;*H,0 3 followed in situ by a) synchrotron

and remains stable during prolonged milling time XRD and b) Raman spectroscopy. The first measurement of the Raman plot

(Figure 2a, red). These findings are backed by the (gray) is the Raman spectrum of the empty Perspex jar, indicating which modes

. of the following synthesis process arise from the sample holder compared to
simultaneously ~ collected Raman spectra  (se€  o5e from the reaction mixture. Yellow: Reactants, green: reactants and

detailed description in the Supporting Information intermediate phases, blue: reactants, intermediate phases and product, purple:
section). Furthermore, the protonation of imidazole intermediate phases and product, red: product.

1800 www.angewandte.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 1799 —1802


http://www.angewandte.org

a):c by =z '[Ir"lnr?nei

W 10
W 9.5
W 9
W 4 T
3.5
3
2.5
2
1.5
1
0.5
0

every 33/34 s

Time

|
1 636'
1665

M Perspex

jar

0 T T T T
5 10 15 20 25

260[]

e
30 200 400 600 800 1000 1200 1400 1600 1800
Raman Shift [cm]

Figure 4. Synthesis process of the cocrystal TP:BA 4 followed in situ
by a) synchrotron XRD and b) Raman spectroscopy. The first measure-
ment of the Raman plot (gray) is the Raman spectrum of the empty
Perspex jar, indicating which modes of the following synthesis process
arise from the sample holder and which from the reaction mixture.
Yellow: reactants, orange: reactants and product, red: product.

After an initial phase where only the reactants can be
detected (Figure 3 a, yellow), the XRD patterns indicate the
formation of a layered intermediate structure which is formed
after 1 minute milling time (Figure 3a, green). Since contri-
butions of phenylphosphonic acid cannot be detected in the
XRD patterns but in the Raman data after the appearance of
this intermediate, it can be supposed that the acid is arranged
between the layers acting as a template. The first reflection of
the product 3 could be detected after 2.75 minutes (Figure 5a,
blue).® Intermediate and product coexist for a certain period
of time (Figure 3a, violet) until the conversion to 3 is
completed after a milling time of 27 minutes (Figure 5 a, red).

The synthesis of the cocrystal TP:BA 4 (Figure 1e) was
conducted under neat conditions starting from pure theophyl-
line and benzoic acid. Based on the time-resolved diffraction
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Figure 5. Schematic representation of the two observed synthesis
pathways (A and B) indicating an either A) direct conversion or B) a
two-step process including a crystalline intermediate.

Angew. Chem. Int. Ed. 2015, 54, 17799 -1802

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

patterns and the Raman spectra (Figure 4) a direct reaction
without formation of any intermediates can be deduced.

At the beginning of the milling process only reflections of
the reactants can be observed in the powder pattern (Fig-
ure 4a, yellow). The first reflections of the product appear
after 2 minutes milling time (Figure 4 a, orange), whereas the
reflections of the reactants are still observable. With pro-
longed milling time the reflections of the product increase and
those of the reactants diminish. After a milling time of
8 minutes the pure cocrystal is formed (Figure 4a, red). In
accordance to the XRD data the first Raman spectra can be
attributed to the reactants theophylline and benzoic acid. The
first Raman bands assigned to the product appear after
1.5 minutes (Figure 4b, orange). The Raman spectrum of the
cocrystal 4 resembles the spectrum of the starting materials.
Given the fact that cocrystals generally only involve the
formation of hydrogen bonds that are different from those
associated with the individual components themselves, only
minor changes in the spectra are expected. The Raman modes
of theophylline at 1665 and 1707 cm™! (carbonyl bands) were
analyzed in detail to decide if there is a complete shift of the
acid proton between theophylline and benzoic acid. By
forming a salt, these carbonyl bands would shift by 30—
40 cm™ to lower frequencies.”] The carbonyl bands of the
theophylline molecule in the cocrystal shifted to 1676 and
1687 cm™! because of the formation of new hydrogen bonds.
Since the carbonyl band of benzoic acid at 1636 cm ™' shifting
by 13 cm ™' is also not strongly influenced in the cocrystal, it
can be assumed that the cocrystal consists of neutral
molecules and no salt is formed.

The presented in situ combination of Raman spectroscopy
and XRD is capable to monitor the course of mechanochem-
ical reactions in detail at the molecular and crystalline level.
The setup allows performing and analyzing milling reactions
under typical reaction conditions. The information content
obtained by one method is supported or extended by the
second method (e.g. detection of nanocrystalline material
using Raman spectroscopy versus unambiguous assignment of
the polymorph using XRD), making the combination of both
methods a reliable tool to study milling reactions in situ. For
the four model compounds comprehensive information on
the respective synthesis pathways could be obtained as
illustrated in Figure 5. The synthesis of compounds 1 and 4
proceed directly through the consumption of the reactants
(A). During the synthesis of compounds 2 and 3 crystalline
intermediates were detected (B).

Beyond the presented results, the combination of both
methods would also be advantageous studying milling reac-
tions including amorphous intermediates. Here, Raman
spectroscopy would provide important information on the
local coordination environment. Our results show that the
setup is applicable for a broad range of compounds and
milling conditions. This measurement strategy will broaden
our understanding of the mechanisms of milling syntheses and
thus allows an optimization of the reactions.
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