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Control by one drop of solvent: selective preparation of guest 
release/trap-triggered interconvertible molecular crystals 
Yumi Yakiyama,*a Takahisa Fujinaka,a Mio Nishimura,a Ryotaro Seki,a and Hidehiro Sakuraia

Interconvertible molecular crystals 1close and 1open composed of 4-
pyridyl-1,3-indanedione dimer 1 were selectively obtained. 
Thermal removal of solvent molecules in 1open afforded 1close. 
Further dipping of 1close in a specific solvent reproduced 1open. No 
crystallinity loss was observed even though both processes 
involved drastic change of molecular packing arrangements.

Porous materials, represented by the metal organic frameworks 
or porous coordination polymers (MOFs or PCPs),1 covalent 
organic frameworks (COFs)2 and hydrogen-bonded organic 
frameworks (HOFs),3 are widely studied because of their high 
potential towards the practical uses such as gas sorption, 
molecular separation, sensing and ion/electron conduction. 
They possess structural rigidity and high stability against the 
adsorption/desorption process of the guest molecules. On the 
other hand, organic crystals having solvent incorporated 
spaces, which are formed exclusively by the soft van der Waals 
type interactions, in most case, easily undergo a structural 
collapse on removal of the guest solvent molecules. Very few 
examples retain their crystallinity during the process to exhibit 
permanent porosity4,5 or even show drastic structure change6,7 
(Fig. 1a). Nevertheless, organic crystals are attractive as they are 
easily renewed by the simple recrystallization process and 
especially the ones showing drastic structure change by guest 
trapping/releasing possess a great potential to provide a 
platform for the new type of “structurally soft” functional 
materials though such systems are still quite rare6,7. Herein, we 
report a new molecular crystalline system composed of X-
shaped 4-pyridyl-1,3-indanedione dimer (1). In the system, 1 
selectively gives the two specific packing structures, tightly 
packed 1close and solvent-included 1open (Fig. 1b). The structural 
selectivity from 1close to 1open was easily switched by simple 
addition of a drop of various kinds of “trigger” solvent in the 
crystallization condition. Interestingly, thermal removal of the

Fig. 1 a) Three types of solvent-incorporated molecular crystals and their behaviour in 
solvent trapping-releasing process. b) Formation of two crystal structures 1close and 1open 

and their interconversion by solvent trapping-releasing.

solvent molecules from 1open afforded a densely-packed crystal 
1close via dynamic structure transformation without any 
crystallinity loss though 1open is stabilized by exclusively weak 
intermolecular interactions. Whereas, dipping 1close in a specific 
solvent afforded again 1open without getting dissolved. 

Synthesis of the target dimer 1 was achieved as illustrated in 
Scheme 1. 4-pyridyl-1,3-indanedione monomer, which existed 
in the twitter-ionic form in DMSO-d6 as observed in its 1H NMR 
spectrum (Fig. S1, ESI) was prepared with following the 
reported procedure8. This time we successfully obtained single

a.2-1 Yamadaoka, Suita, Osaka 565-0871, Japan.
Electronic Supplementary Information (ESI) available: Synthesis of 1 and 2, the 
detailed experimental procedures and the supplemental figures. See 
DOI:10.1039/x0xx00000x
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Scheme 1 Synthetic procedure for 1.

crystals of the monomer and revealed its twitter-ionic structure 
by X-ray analysis (Fig. S3, ESI). An oxidative homocoupling of the 
Na enolate of the monomer by PhI(OAc)2 gave 4-pyridyl-1,3-
indanedione dimer 1 in a quantitative yield9.

1 was easy to form two kinds of crystals with the totally 
different packing structures depending on the crystallization 
conditions. We used vapour diffusion method using 
CH2Cl2/EtOH as the general condition (ESI). When 1 was 
crystallized by the above condition, a well-packed structure 
1close was obtained (Fig. 2). In its crystal structure, the 4-pyridyl-
1,3-indanedione skeleton was a crystallographically 
independent unit and the C6-C6 distance, which connected the 
two 4-pyridyl-1,3-indanedione units, was 1.58 Å, slightly longer 
than the typical C(sp3)-C(sp3) bond distance because of steric 
hindrance10. All the molecules of 1 were in a distorted H-shape 
and they engaged 1-dimensionally with each other along the c 
axis with forming CH∙∙∙ interactions between C13 and C14 
(3.52 Å) (Figs. 2b, c). They interacted with each other by the -
 stacking at the phenyl rings of their indanedione skeletons 
and CH∙∙∙ interactions between C5 and C11, with the 
intermolecular distances of 3.44 Å and 3.44 Å, respectively (Fig. 
2b). Due to these interactions, the crystal was closely packed 
and did not have any spaces to accommodate other molecules 
such as solvents.

In contrast, addition of a drop of another solvent in the same 
crystallization setting for 1close afforded a totally different 
packing of the single crystals 1open. 1open possessed 1-
dimensional (1D) channels that trapped solvent molecules 
within them. Various kinds of solvents such as hexane, pentane, 
decane, cyclohexane, t-BuOH, (CH2Cl)2 and benzene were 
applied as the “trigger” to switch the packing structure from 
1close to 1open (vide infra). Fig. 3 shows the packing structure of 
1open prepared by addition of hexane. 1 in 1open also had the C2 
symmetrical structure and the central C6-C6 distance was 1.57 
Å, which was almost the same as that in 1close. 1D-channels were 
formed along the c axis with an open-window size of 5.3 Å × 7.0 
Å and the total open volume of 421 Å, that is around 18% of the 
unit cell volume. The channels were occupied by the severely 
disordered solvent molecules and their positions and occupancy 
factors were impossible to be determined precisely by the X-ray 
crystallographic analysis, suggesting that the solvent molecules 
dynamically moved within the channel. It is noteworthy that the 
single crystal with the same packing could also be obtained by a 
slow evaporation of the CH2Cl2 solution of 1 (Fig. S4, ESI), 
indicating that the quantitative balance between EtOH and the 
additive was a key factor for the selective preparation of 1close 
and 1open (vide infra). In the crystal structure of 1open, several 
short contacts were observed at C4∙∙∙N1 (3.29 Å) and C7∙∙∙O2 
(3.39 Å), which can be assigned to the CH∙∙∙N and CH∙∙∙O

Fig. 2 Crystal structures of 1close. a) Displacement ellipsoid plot of 1 in the crystal structure 
of 1close at 50% probability. b) Closed packing pattern viewed from the b axis. The red and 
black dotted lines: CH∙∙∙ interactions; blue arrow: - interaction. c) 1-dimensionally 
engaged assembling pattern along the c axis. The pale blue arrow at the bottom 
corresponds to the vertical one in b). In b), Gray: C; blue: N; red: O. Hydrogen atoms are 
omitted for clarity.

interactions, respectively. As indicated by their bond lengths, 
they are much weaker hydrogen bonds than the conventional 
NH∙∙∙N and OH∙∙∙O bonds11,12. Although a small overlapping of 
the pyridine rings (C10∙∙∙C14: 3.35 Å) was also observed (Figs. 
3b, c), practically the 1open crystals recrystallized by either the 
vapour diffusion using CH2Cl2/EtOH with the small portion of 
the specific solvents or by simple slow evaporation of CH2Cl2 
possessed no visible strong interactions unlike the MOFs, COFs 
or HOFs. Nevertheless, these 1open crystals were quite stable 
under air and showed no solvent loss at the ambient under air 
and showed no solvent loss at the ambient temperature.

To comprehend the molecular trapping ability of 1open, the 
amount of trapped solvents was determined by the TGA and the 
1H NMR spectral analysis using hexane-trapped crystalline 
powder (Fig. S5, ESI). This crystalline powder of 1open was 
obtained by the addition of an excess amount of hexane in the 

saturated CH2Cl2 solution of 1. The success of the sample 
preparation was confirmed by powder X-ray diffraction (PXRD) 
measurement (Fig. S5, ESI). The TGA revealed the high thermal 
stability of 1 up to around 250 °C. During this measurement, 
6.5% weight-loss due to the elimination of inner solvent was 
observed between 70 °C and 108 °C, and then the TGA track 
became flat until it exhibited a large weight loss due to the 
decomposition of 1 around 250 °C. When the inner solvent was 
assumed to be only hexane, the 6.5% weight-loss indicated that 
36 mol% of hexane was incorporated in the channel (Fig. S6a, 
ESI). This was supported by their 1H NMR data, which indicated 
a hexane content of 35 mol% (Fig. S6b, ESI). This was variable, 
depending on the crystallization process, especially the amount 
of hexane added (Fig. S7, ESI). However, even a long soaking (for 
more than a month) of either the single crystals or the 
crystalline powder of 1open in hexane at the ambient 
temperature did not change the trapped hexane content and it 
did not exceed more than 40 mol% of the total amount of the 
indanedione dimer. This also indicated the dynamic motion of
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Fig. 3 Crystal structures of 1open obtained via the addition of hexane. a) Displacement 
ellipsoid plot of 1 in the crystal structure of 1open at 50% probability. b) Packing structure 
viewed from the c axis and c) from the a axis. In b) and c), Gray: C; blue: N; red: O. Green 
dotted line: CH∙∙∙N interaction; blue dotted line: CH∙∙∙O interaction; red dotted line: - 
interaction. Hydrogen atoms are omitted for clarity.

the solvent molecules within the channel and the possibility of 
the presence some empty spaces in 1open to be used for small 
molecule entrapment. It was confirmed by the CO2 gas sorption 
experiment which clearly showed a further gas encapsulation in 
the 1-D channel of 1open (Fig. S8, ESI). Meanwhile, neither the 
TGA nor the 1H NMR data of 1close showed the presence of any 
solvent molecules, thus corresponding well with the single 
crystal structure of 1close.

Further investigation of 1open was performed using variable-
temperature powder X-ray diffraction (VT-PXRD) analysis of the 
crystalline powder of 1open, which was prepared by the same 
method as used in TGA analysis. The experimental results 
involved the gradual change of the PXRD patterns to reveal that 
the structure change from the initial 1open structure to the 1close 
one on heating, while retaining the crystallinity (Fig. 4a). Until 
the temperature reached 92 °C, the observed peaks were the 
ones corresponding to 1open. At the temperatures above 92 °C, 
however, new patterns assignable to 1close were observed and 
their intensity gradually increased while the peak 
corresponding to 1open became weaker. At 107 °C, the observed 
PXRD pattern was same as that of 1close, and the pattern of 1open 
could not be found. On analysing the TGA results and the 
changes in the PXRD patterns, it is clear that 1open transformed 
into 1close by the loss of solvent molecules. During this process, 
no intermediate peaks were observed. Even crystal to crystal 
transformation in van der Waals interaction-based molecular 
crystal is still rare,5-7 only few molecules are reported which 
involve the drastic host-packing change.6,7 Further heating 
resulted in another crystalline phase with drastic crystallinity 
loss at more than 246 °C (Fig. S9, ESI). The crystallinity of the 
sample was finally lost at more than 280 °C, indicating the 
decomposition of1 as observed in the TGA. The heating 
experiment using single crystals of 1open also showed the 
crystalline to crystalline transformation, although the resulting 
crystals were heavily cracked and were no longer applied to 
single crystal X-ray analysis. On the other hand, 1close retained 
its single crystal nature even above 200 °C. 

The structural features of both the crystals inspired us to 
test the potential of 1 as a source of reversible guest 

Fig. 4 PXRD patterns of 1. a) VT-PXRD data of the crystal powder of 1open. The heating 
rate was 3 °C/min. The patterns of 1open and 1close are simulated from each single crystal 
data. b) Changes in PXRD patterns of the crystal powder of 1close after soaking in hexane 
and pentane. The initial 1close powder was prepared by heating 1open at the rate of 3 
°C/min until 170 °C.

trapping/releasing crystalline system involving significant 
structure change, while retaining crystallinity. In general, the 
lattice stabilization energy is quite high in the case of the tightly-
packed molecular crystals containing no solvent molecules, and 
therefore, a guest insertion in the non-porous packing structure 
is difficult to occur unless the framework has permanent 
porosity4,5,13 (Fig. S10, ESI). However, the present system 
exhibited reversible guest trapping/releasing property. The 
crystalline powder of 1close prepared by heating of 1open at the 
rate of 3 °C/min until 170 °C was left in hexane or pentane at 
both 25 °C and 60 °C in a sealed condition. After 1 day, both the 
samples exhibited no structural change. However, after 2 days, 
a partial change in the PXRD pattern of the sample left at 60 °C 
was observed, resulting in the representative peak of 1open 
phase (Fig. 4b). The change in the diffraction pattern clearly 
indicated the recovery of the porous structure by the re-take of 
the solvent molecules. Interestingly, when pentane was used 
instead of hexane, a clearer peak change was observed. This 
meant that the porous 1open had preferences when it traps 
solvent molecules. Other solvents such as cyclohexane and 
benzene were never trapped (Fig. S11, ESI). It should be 
mentioned that molecule 1 is totally insoluble both in hexane 
and pentane, indicating that the patterns corresponding to 
1open, which appeared after soaking, are not formed by the 
simple recrystallization on the crystalline powder surface.

The investigations so far clearly indicated the importance of 
solvents for the packing selectivity. We focused on what the key 
is to switch the structure between 1close and 1open. Table S1 (ESI) 
shows the solvents, which were used as the additive for 
crystallization of 1 along with the empirical parameters of 
solvent polarity, ET(30).14 The experimental results showed that 
the presence of relatively polar solvents, such as EtOH, CH3CN 
and cyclohexanol, resulted in 1close. In contrast, less polar 
solvents such as hexane, pentane, decane, cyclohexane, t-
BuOH, CH2Cl2, (CH2Cl)2, benzene, and toluene resulted in 1open, 
which trapped the corresponding solvents in the channel. This 
result was reasonable considering that the inner-channel was 
surrounded by the hydrophobic carbon skeletons. Indeed, 1H 
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NMR measurement results of the powder crystals of 1open 
obtained with various “trigger” solvents revealed the successful 
trapping of them (Fig. S12, ESI). EtOAc was an exceptional 
solvent that resulted in 1close despite their low polarity and 
smaller molecular size than the channel diameter. One possible 
reason is that EtOAc might form a specific complex in the 
system to disturb the easy trapping within the 1D channel of 
1open.

Further investigation revealed that the 1D channel in 1open 
possessed the solvent preference among hexane, benzene, and 
cyclohexane (Fig. S13, ESI). 1H NMR data of the CDCl3 solution 
of the single crystals recrystallized from the three solvent 
mixture (1:1:1 molar ratio) showed that hexane was the most 
preferred one and that the preference of benzene and 
cyclohexane was not significant (31% total solvent content, 
hexane/benzene/cyclohexene = 62:26:12). From these results, 
it is assumed that the chain-like molecules have a higher 
preference, which fit in the cylinder-like 1D channel, than the 
other cyclic molecules, as also observed in the pillar[n]arenes15.

Conclusions
We found that 4-pyridyl-1,3-indanedione dimer 1 formed two 
kinds of crystals, densely-packed 1close and solvent-incorporated 
1open. They were selectively prepared by utilizing the “trigger 
solvent” from the same CH2Cl2/EtOH solvent system. Despite 
that 1open possessed no strong intermolecular interactions 
within the structure, 1open was stable under air. The thermal 
removal of the solvent molecules from the crystalline powder 
sample of 1open resulted in crystal 1close, which again afforded 
the initial open state on dipping the sample powder in hexane 
or pentane. Even though these processes involved significant 
packing structure change, the system retained high crystallinity. 
Because of simple structure and the thermal stability of 1, its 
delivertization might be easy. We expect that pore environment 
and the emergence of various physical properties, as realized in 
MOFs and other porous materials, is easily tuned by the simple 
molecular-level modification in this indanedione dimer-based 
system.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
This study was supported by a Grant-in-Aid for Scientific 
Research on Innovative Area " Space Figuration" from MEXT 
(No. JP26102002), and JSPS KAKENHI (JP26288020, 
JP15H06357, JP18K05080). Single crystal X-ray diffraction 
studies with synchrotron radiation were performed at SPring-8 
(BL02B1, 2018A1510) and Pohang Accelerator Laboratory 
(2017-1st-2D-024). We thank Prof. Norimitu Tohnai for the 
great help of PXRD measurement. We thank Prof. Ichiro Hisaki 
for the great help of hexane gas sorption experiment at SPring-
8 (BL02B2). We thank Prof. Takumi Konno and Dr. Nobuto 

Yoshinari for the help of gas sorption measurements. We thank 
Dr. Yuh Hijikata for the fruitful discussion about the guest 
trapping event. 

Notes and references
1 (a) M. Eddaoudi, D. Moer, H. Li, B. Chen, T. M. Reineke, M. 

O’Keeffe, O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319; (b) S. 
Kitagawa, R. Kitaura, S.-I. Noro, Angew. Chem. Int. Ed. 2004, 
43, 2334; (c) G. Férey, Chem. Soc. Rev. 2008, 37, 191; (d) R. 
Robson, Dalton Trans. 2008, 38, 5101; (e) O. K. Farha, J. T. 
Hupp, Acc. Chem. Res. 2010, 43, 1166; (f) H. Furukawa, K. E. 
Cordova, M. O’Keeffe, O. M. Yaghi, Science 2013, 341, 
1230444.

2 (a) A. P. Côté, A. I. Benin, N. W. Ockwig, M. O’Keeffe, A. J. 
Matzger, O. M. Yaghi, Science 2005, 310, 1166; (b) H. M. El-
Kaderi, J. R. Hunt, J. L. Mendoza-Cortés, A. P. Côté, R. E. Taylor, 
M. O’Keeffe, O. M. Yaghi, Science 2007, 316, 268; (c) F. J. 
Uribe-Romo, J. R. Hunt, H. Furukawa, C. Klöck, M. O’Keeffe, O. 
M. Yaghi, J. Am. Chem. Soc. 2009, 131, 4570; (d) X. Feng, X. 
Ding, D. Jiang, Chem. Soc. Rev. 2012, 41, 6010; (e) S.-Y. Ding, 
W. Wang, Chem. Soc. Rev. 2013, 42, 548; (f) C. S. Diercks, O. 
M. Yaghi, Science 2017, 355, eaal1585-1.

3 (a) J. Luo, J.-W. Wang, J.-H. Zhang, S. Lai, D.-C. Zhong, 
CrystEngComm 2018, 20, 5884; (b) I. Hisaki, H. Toda, H. Sato, 
N. Tohnai, H. Sakurai, Angew. Chem., Int. Ed. 2017, 56, 15294.

4 (a) H. R. Allcock, L. A. Siegel, J. Am. Chem. Soc. 1964, 86, 5140; 
(b) R. Hoss, O. König, V. Kramer-Hoss, U. Berger, P. Rogin, J. 
Hulliger, Angew. Chem., Int. Ed. Engl. 1996, 35, 1664; (c) 
Couderc, G.; Hulliger, J. Chem. Soc. Rev. 2010, 39, 1545; (d) M. 
Mastalerz, Chem. Eur. J. 2012, 18, 10082; (e) C. Cui, P. R. 
Shipman, R. A. Lalancette, F. Jäkle, Inorg. Chem. 2013, 52, 
9440; (f) R. G. D. Taylor, M. Carta, C. G. Bezzu, J. Walker, K. J. 
Msayib, B. M. Kariuki, N. B. McKeown, Org. Lett. 2014, 16, 
1848.

5 (a) J. T. A. Jones, D. Holden, T. Mitra, T. Hasell, D. J. Adams, K. 
E. Jelfs, A. Trewin, D. J. Willock, G. M. Day, J. Bacsa, A. Steiner, 
A. I. Cooper, Angew. Chem., Int. Ed. 2011, 50, 749; (b) E. 
Sanna, E. Escudero-Adán, A. Bauzá, P. Ballester, A. Frontera, 
C. Rotger and A. Costa, Chem. Sci. 2015, 6, 5466; (c) A. Burgun, 
P. Valente, J. D. Evans, D. M. Huang, C. J. Sumby and C. J. 
Doonan, Chem. Commun. 2016, 52, 8850.

6 (a) J. L. Atwood, L. J. Barbour, A. Jerga and B. L. Schottel, 
Science 2002, 298, 1000; (b) S. J. Dalgarno, P. K. Thallapally, L. 
J. Barbour, J. L. Atwood, Chem. Soc. Rev. 2007, 36, 236.

7 (a) M. Baroncini, S. d'Agostino, G. Bergamini, P. Ceroni, A. 
Comotti, P. Sozzani, I. Bassanetti, F. Grepioni, T. M. 
Hernandez, S. Silvi, M. Venturi and A. Credi, Nat. Chem. 2015, 
7, 634; (b) H. Yamagishi, H. Sato, A. Hori, Y. Sato, R. Matsuda, 
K. Kato and T. Aida, Science 2018, 361, 1242.

8 (a) J. G. Lombardino, J. Org. Chem. 1967, 32, 1988; (b) J. G. 
Lombardino and E. H. Wiseman, J. Med. Chem. 1968, 11, 342.

9 C. Harnack, W. Krull, M. Lehnig, W. P. Neumann and A. K. 
Zarkadis, J. Chem. Soc. Perkin Trans. 2 1994, 1247.

10 F. H. Allen, D. G. Watson, L. Brammer, A. G. Orpen and R. 
Taylor, in International Tables for Crystallography, vol C, ed. E. 
Prince, Kluwer Academic Publishers, Dordrecht, 2006; pp 790.

11 (a) M. Mascal, Chem. Commun. 1998, 303; (b) V. R. Thalladi, 
A. Gehrke and R. Boese, New J. Chem. 2000, 24, 463.

12 (a) U. Samanta, P. Chakrabarti and J. Chandrasekhar, J. Phys. 
Chem. A 1998, 102, 8964; (b) Y. Gu, T. Kar and S. Scheiner, J. 
Am. Chem. Soc. 1999, 121, 9411.

13 L. J. Barbour, Chem. Commun. 2006, 1163
14 C. Reichardt, Solvents and Solvent Effects in Organic 

Chemistry; WILEY-VCH, Weinheim, 2003.
15 T. Ogoshi, T. Yamagishi and Y. Nakamoto, Chem. Rev. 2016, 

116, 7937.

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 C
en

tr
al

 M
ic

hi
ga

n 
U

ni
ve

rs
ity

 o
n 

7/
9/

20
20

 7
:3

7:
29

 A
M

. 

View Article Online
DOI: 10.1039/D0CC03408H

https://doi.org/10.1039/d0cc03408h

