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4-Nitrostyrylpyridine hydrochloride forms porous crystals 

stabilized by cation-ππππ and NO2···Cl- interactions that involve 

water clusters with a T5(2) motif in the channels. The crystals 

reversibly release and re-uptake water molecules. Solid-state 
17O NMR spectroscopic analyses revealed the behaviour of 

the water molecules present in the channels. 

The design and synthesis of porous materials possessing water 
channels have attracted a lot of recent attention due to their potential 
utility in terms of proton conductivity1 and dielectric properties2 and 
as a model3 for the naturally occurring membrane water channel 
proteins, aquaporine4 and gramicidin.5 Various types of porous 
materials involving water clusters have been reported, including 
carbon nanotubes6 (CNTs), pillar[5]arens,7 porous organic crystals,8 
metal-organic frameworks9 (MOFs) or porous coordination 
polymers9 (PCPs). Among these materials, the design of molecular 
organic crystals possessing porosity is relatively difficult as crystal 
packing relies on various noncovalent bonds. Nevertheless, such 
crystals remain attractive as they possess several advantages in terms 
of structural diversity and flexibility as well as being more 
environmentally friendly than other materials.  
   We have previously reported that styrylpyridine hydrochloride 
molecules form hydrate crystals that involve water channels 
surrounded by columns arranged in a head-to-tail fashion10 through 
cation-π interactions.11,12 This prompted us to develop readily 
accessible and more stable porous organic crystals by modifying the 
styrylpyridine structure. Among the various derivatives surveyed, we 
found that 4-nitrostyrylpyridinium salts form unusual porous hydrate 
crystals involving an infinite water tape constructed from pentamer 
water clusters.13  
   It has been well documented that the structure and dynamic 
properties of the water clusters significantly contribute to the 
performance of the materials.1a,7b,8e,9a Therefore, exploitation of the 
dynamic properties of the water clusters would be of great 
importance. In this communication, we report the structure of novel 
porous organic crystals as well as the dynamic behaviour of the 
water clusters present in the channels. 
    The recrystallization of (E)-4-(4-nitrostyryl)pyridine (1)14 from 
MeOH in the presence of 1.2 equiv of conc HCl produced hydrate 
crystals of the corresponding HCl salt, 1·HCl·3H2O, suitable for X-

ray structural analysis (Scheme 1). Thermogravimetric analysis of 
the crystals showed a 10.9 wt% loss at 343 K, confirming the 
existence of 3 equiv of H2O molecules. The crystal system was 
orthorhombic with a P212121 space group. 
  

 
Scheme 1.  Preparation of the 1·HCl·3H2O hydrate crystals 
 

 
Fig. 1 Packing diagram of 1·HCl·3H2O along the a axis. 
 
   Fig. 1 shows the crystal packing structure of 1·HCl·3H2O along 
the a axis. It is clear that the molecules form columns, and that the 
four columns form an infinite hydrophobic channel that involves 
water molecules. The diameters of the channel are approximately 6.8 
Å and 3.2 Å on the major and minor axes, respectively, which are 
close to those of the naturally occurring membrane water channels of 
aquaporine (2.8Å)4 and gramicidin (ca. 4Å).5 The molecules were 
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arranged in a head-to-tail and face-to-face fashion to form columns 
as shown in Fig. 2a; the structure of which is similar to those 
previously reported for styrylpyridine derivatives.10 The distance 
between the centroids of the pyridinium and aryl moieties is 3.775Å, 
suggesting that the columns are stabilized by cation-π interactions. 
The chloride anion forms a H-bond with NH and is located between 
the nitro groups of the upper and lower layers through electrostatic 
interactions. The distances between the Cl-···NO2 are 3.354Å and 
3.415Å. This also contributes to stabilize the head-to-tail column 
structure, forming a stronger framework to maintain the channels. To 
the best of our knowledge, this Cl-···NO2 interaction has not yet been 
reported. The columns are linked together through H-bonds between 
the oxygen atoms of the nitro group and the several C-H groups of 
the next column (Fig. S3). In addition, the chloride anion bridges 
between the columns via H-bond networks of NH···Cl-···HC (Fig. 
2b). It should be noted that this channel is chiral due to it having a 
chiral space group similar to those of naturally occurring water 
channels. 
 

 
 
Fig. 2 Packing diagrams of 1·HCl·3H2O, showing (a) a side view 
and (b) four molecules with H-bond networks. 
 

 
 
Fig. 3 Packing diagrams of 1·HCl·3H2O, showing (a) a water cluster 
in a channel and (b) a water cluster with chloride ions forming H-
bonds. The displacement ellipsoids are drawn at the 50% probability 
level. 
 
   The three water molecules in the channel, the oxygen atoms of 
which are indicated in O3-O5, are linked to one another through 
hydrogen bonds to form an infinite tape motif containing a T5(2) 
ring system15 (Figs 3a and 3b). The H atoms bonded to water oxygen 
atoms could not be found by a refinement except for H3 and H15. 
The O···O distances are in the range of 2.791Å to 2.938Å, which are 
close to those of previously reported pentamar cluster13 as well as 
the average of the O···O distances (~2.8Å) obtained by the CSD 
analysis.16 The water molecules are linked with the columns through 
O-H···Cl- and O···H-C hydrogen bonds as shown in Figs. 2b and 3b. 
The three water molecules form different H-bonds; O3 and O4 form 

H-bonds with both Cl- and C-H, whereas O5 links with C-H alone. 
The details are shown in Table S5. 
   The channels can reversibly release and re-uptake water molecules 
in an open atmosphere as observed in the PXRD studies. Fig. 4a 
shows the simulated PXRD pattern for 1·HCl·3H2O. Heating of 
1·HCl·3H2O at 80°C for 3h gave rise to new peaks (Fig. 4b). 
Thermogravimetric analysis of the dehydrated crystals showed 
completion of the dehydration process. As the PXRD pattern of the 
dehydrate shows no noticeable broadening of the peaks, the 
crystallinity of the dehydrate is thought to be retained after 
dehydration, which differs significantly from the broadening patterns 
observed in previously reported dehydrated styrylpyridine 
hydrochloride.10 The differences in the PXRD patterns between the 
hydrate and dehydrate suggest that dehydration produces changes in 
the crystal structure. 
    

 
Fig. 4 PXRD patterns of (a) the simulated 1·HCl·3H2O, (b) heating 
at 80°C for 3h, and (c) rehydrated at 58% relative humidity. 
 
   As a single crystal of 1·HCl·3H2O could not be retained through 
dehydration, the crystal structure of the resultant anhydrate 1·HCl 
remains unclear. To obtain an insight into the framework structure of 
the dehydrate, solid-state 13C NMR spectra of the hydrate and 
dehydrate were compared (Fig. S7). Differences were observed in 
the chemical shifts of the aromatic and pyridinium carbons between 
the two crystals: while the α-carbons next to the nitro group of the 
benzene ring and the 3-carbons of the pyridinium ring of the hydrate 
are equivalent, those of the dehydrate appear non-equivalent, 
indicating that the column structure was partially changed by 
dehydration. The orientation of the molecules in the column was 
confirmed by solid-state photodimerization. Irradiation of both 
hydrate and dehydrate crystals gave a synHT dimer10a in quantitative 
yields (Scheme 2). This clearly shows that the head-to-tail 
orientation of the molecules was retained after dehydration. The 
good crystallinity of the dehydrate and the retention of head-to-tail 
orientation can be attributed to the cation-π and NO2···Cl- 
electrostatic interactions within the columns as well as H-bonds 
between columns, as described above. When the dehydrated powder 
was kept in a desiccator at 58% relative humidity for 24 h, the 
PXRD pattern was in close agreement with that of the simulated 
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1·HCl·3H2O (Figs. 4a and 4c). The time dependence of the PXRD 
measurements of 1·HCl under an atmosphere of water vapour shows 
no intermediate phase, suggesting that the trihydrate was directly 
restored from the dehydrate (Fig. S5). This facile reversible 
dehydration-hydration process is speculated to be the result of the 
hydrophobic environment of the channel. 
 

    
Scheme 2. Irradiation of 1·HCl·3H2O and the dehydrate crystal. 
 
   The dynamic behaviour of the water molecules in the porous 
organic crystals was clarified by solid-state 17O NMR analysis, 
which is more useful than conventional solid-state 1H and 2H NMR 
analyses in that the former provides dynamic information on the 
whole water molecule. 17O NMR measurements were carried out at 
various temperatures using the 17O isotope-enriched compound. The 
17O isotope enrichment of 1·HCl·3H2O was performed through the 
exchange of H2

16O with H2
17O molecules by placing them in a H2

17O 
vapour atmosphere for 2 days at rt. Fig. 5 shows stationary 17O NMR 
spectra of 1·HCl·3H2O measured in a sealed sample holder at 
temperatures from 143 K to 373 K. All the 17O NMR signals arose 
from the water molecules, and the crystal structure of 1·HCl·3H2O 
was maintained throughout the NMR measurements, which was 
confirmed by solid-state 13C NMR analysis (Fig. S8). The line-
shapes as a function of temperature were changed markedly, which 
is speculated to be associated with water molecule reorientation in 
1·HCl·3H2O. For convenience, all the 17O NMR spectra were 
classified into three phases, namely, Phase I (in the range of 
temperatures from 143 to 273 K), Phase II (from 273 K to 353 K), 
and Phase III (above 353 K). 
   The line-shapes in Phase I exhibit the effects of motional 
averaging with increasing temperature. It can be observed that from 
143 to 193 K the spectral widths were roughly constant, although 
both edges gradually shrunk. After 193 K, the spectral widths 
significantly narrowed and the main peaks slightly shifted to the 
higher magnetic fields. New symmetric lines centered at 
approximately –45 ppm appeared at temperatures above 263 K. In 
the absence of a dynamic effect, the line-shape is expected to be 
more complicated as the solid-state 17O NMR spectrum is composed 
of three sub-spectra arising from three inequivalent oxygen sites. In 
the present case, however, the lowest temperature spectrum seems to 
show a line shape with dynamic averaging. The present 
observations, except for that at the lowest temperature, are consistent 
with the reported reorientations.17 
   The best-fitted 17O stationary spectra calculated at several 
temperatures are shown in Fig. S9. Given the exchange rate at each 
temperature, the activation energy for water reorientation can be 
determined by using the Arrenius law. An activation energy of Ea = 
15 ± 5kJ mol-1 was obtained by least-square fitting to the 
experimental data (Fig. S10). This is much smaller than those 
previously reported for ice and THF hydrates (Ea = 30.12–59.8 kJ 
mol-1),17,18 indicating that the water molecular reorientations in 
1·HCl·3H2O proceeds more readily. This is thought to be due to the 

hydrophobic environment of the channel, which results in weaker 
interactions with the channel.  
   At 273 K, the lowest temperature of Phase II, a critical change in 
line shape was observed in the 17O NMR spectrum. The spectrum 
consists of two components; a broad line and a narrow resonance 
line near 5 ppm. The broad component corresponds to the remaining 
peak observed in Phase I, and it was observed to disappear at higher 
temperatures. On the other hand, the narrow component corresponds 
to that for the rapid motion of water molecules. Apparently, the 
mobility of the water molecules is high in Phase II, but the motion 
was not assigned to isotropic motion; i.e., liquid water, because of 
the observed 17O chemical shift. Therefore, we expected that a fluid 
motion, such as the translation of water molecules or molecular 
hopping from one lattice point to another, takes place throughout the 
water channel, and Phase II can be characterized as an intermediate 
state between ice and liquid water. It should be noted that little 
difference was observed between the 13C NMR spectra in Phase I 
and II (Fig. S8), suggesting that the motion of the water had little 
influence of the structure of the channels.  
 

 
 
Fig. 5 Stationary 17O NMR spectra of 1·HCl·3H2O as a function of 
temperature.  
 
   From 303 K to 353 K, the broad line disappeared and the shape 
becomes much narrower, indicating that all of the water molecules 
were dynamically equivalent, and the motion is much faster than that 
in Phase I. As DSC measurements show an endothermic peak at 
temperatures over 353 K, the water molecules are thought to remain 
in the channels under confined conditions (Fig. S11). In Phase III 
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(above 353 K), the isotropic line is centered at 0 ppm, suggesting 
that the water molecules exist in an equilibrium between the inside 
and the outside of the channel in a sealed sample holder. Although 
solid-state 17O NMR spectroscopy has been used for the 
investigation of water molecule behaviour in hydrate crystals,19 to 
the best of our knowledge, this is the first report on the dynamics of 
water clusters in the channels. 
   In summary, we found that 4-nitrostyrylpyridinium chloride forms 
porous crystals involving infinite water clusters with a T5(2) tape 
motif in the hydrophobic channels. The crystals reversibly release 
and re-uptake water molecules. The PXRD and the solid-state 13C 
NMR studies showed that the channel structure was partially 
changed after dehydration. The stability of the porous crystal 
structure can be explained by the contribution of cation-π and 
electrostatic Cl-···NO2 interactions within the columns and H-bond 
networks between columns. Solid-state 17O NMR analysis of the 
water clusters clarified the existence of three phases in terms of the 
dynamic properties. The activation energy of Ea = 15  5kJ mol-1 in 
Phase I (143 K - 273 K) shows that water molecular reorientation 
proceeds readily in the hydrophobic channel. The mobility of the 
water molecules is high in Phase II (273 K – 353 K), but the motion 
could not be assigned to isotropic motion; therefore, Phase II can be 
characterized as an intermediate state between ice and liquid water. 
At temperatures higher than 353 K in a sealed sample holder 
(Phase III), the water molecules are in equilibrium between the 
inside and outside of the channel and behave like free water. 
These observations provide important insights into the development 
of new porous organic materials as well as the behaviour of water 
molecules in channels. 
 
This work was partly supported by a Grant-in-Aid for Scientific 
Research on Innovative Areas ‘Advanced Molecular Transformations 
by Organocatalysts’ from MEXT. 
 

Notes and references 
a Department of chemistry, Faculty of Science, Ochanomizu University, 

2-1-1 Otsuka, Bunkyo-ku, Tokyo 112-8610, Japan. E-mail: 

yamada.shinji@ocha.ac.jp 
b Research and Education Faculty, in charge of Science Research Center, 

Kochi University, Oko Campus, Nankoku City, Kochi, 783-8505 Japan 

Japan. 
c National Institute for Materials Science, Tsukuba, Ibaraki 305-0003, 

Japan. 

†Electronic Supplementary Information (ESI) available: Experimental 

details, XRD, PXRD and TG-DTA data, solid-state 13C and 17O NMR 

data, and CIF files. CCDC deposition number for 1·HCl·3H2O: 975097. 

See DOI: 10.1039/c000000x/ 

 
1  (a) S. Horike, D. Umeyama and S. Kitagawa, Acc. Chem. Res., 2013, 

46, 2376-2384; (b) M. Yoon, K. Suh, S. Natarajan and K. Kim, 
Angew. Chem. Int. Ed., 2013, 52, 2688-2700. 

2.  H.-B. Cui, K. Takahashi, Y. Okano, H. Kobayashi, Z. Wang and A. 
Kobayashi, Angew. Chem. Int. Ed., 2005, 44, 6508-6512. 

3.  (a) M. Barboiu and A. Gilles, Acc. Chem. Res., 2013, 46, 2814-2823; 
(b) M. Barboiu, Angew. Chem. Int. Ed., 2012, 51, 11674-11676; (c) 
M. S. Kaucher, M. Peterca, A. E. Dulcey, A. J. Kim, S. A. 
Vinogradov, D. A. Hammer, P. A. Heiney and V. Percec, J. Am. 
Chem. Soc., 2007, 129, 11698-11699; (d) V. Percec, A. E. Dulcey, V. S. 
K. Balagurusamy, Y. Miura, J. Smidrkal, M. Peterca, S. Nummelin, 
U. Edlund, S. D. Hudson, P. A. Heiney, H. Duan, S. N. Magonov and 
S. A. Vinogradov, Nature, 2004, 430, 764-768. 

4  (a) U. K. Eriksson, G. Fischer, R. Friemann, G. Enkavi, E. 
Tajkhorshid and R. Neutze, Science, 2013, 340, 1346-1349; (b) P. 
Agre, Angew. Chem. Int. Ed., 2004, 43, 4278-4290.  

5  (a) M. Barboiu, Y. L. Duc, A. Gilles, P.-A. Cazade, M. Michau, Y. 
M. Legrand, A. van der Lee, B. Coasne, P. Parvizi, J. Post and T. 
Fyles, Nature Comm., 2014, 5, 4142; (b) R. Pomés and B. Roux, 

Biophys. J., 2002, 82, 2304-2316; (c) R. R. Ketchem, W. Hu and T. 
A. Cross, Science, 1993, 261, 1457-1460.  

6 (a) B. J. Hinds, Curr. Opin. Solid State Mater. Sci., 2012, 16, 1–9; (b) 
B. Liu,

 
X. Li,

 
B. Li,

 
B. Xu and

 
Y. Zhao, Nano Lett., 2009, 9, 1386-

1394; (c) B. J. Hinds, N. Chopra, T. Rantell, R. Andrews, V. Gavalas 
and  L. G. Bachas, Sience, 2004, 303, 62-65; (d) G. Hummer, J. C. 
Rasaiah and J. P. Noworyta, Nature, 2001, 414, 188-190. 

7 (a) X.-B. Hu, Z. Chen, G. Tang, J.-L. Hou, Z.-T. Li, J. Am. Chem. 
Soc., 2012, 134, 8384−8387; (b) W. Si, L. Chen, X.-B. Hu, G. Tang, 
Z. Chen, J.-L. Hou and Z.-T. Li, Angew. Chem. Int. Ed., 2011, 50, 
12564–12568.  

8   For recent examples, see: (a) M. Tadokoro,
 
Y. Ohhata,

 
Y. Shimazaki,

 

S.-I. Ishimaru,
 
T. Yamada,

 
Y. Nagao,

 
T. Sugaya,

 
K. Isoda,

 
Y. Suzuki,

 

H. Kitagawa and
 
H. Matsui, Chem. Eur. J., 2014, 20, 13698-13709; 

(b) R. Natarajan,
 
L. Bridgland,

 
A. Sirikulkajorn,

 
J.-H. Lee,

 
M. F. 

Haddow, G. Magro,
 
B. Ali,

 
S. Narayanan,

 
P. Strickland,

 
J. P. H. 

Charmant,
 
A. G. Orpen,

 
N. B. McKeown,

 
C. G. Bezzu and

 
A. P. 

Davis, J. Am. Chem. Soc., 2013, 135, 16912−16925; (c) Y. L. Duc, 
M. Michau, A. Gilles, V. Gence and Y.-M. Legrand, Angew. Chem. 
Int. Ed., 2011, 50, 11366-11372; (d) H. Wang, X. Xu, N. M. Johnson, 
N. K. R. Dandala and H.-F. Ji, Angew. Chem. Int. Ed., 2011, 50, 
12538–12541; (e) Y. L. Duc, M. Michau, A. Gilles, V. Gence, Y.-M. 
Legrand, A. van der Lee, S. Tingry and M. Barboiu, Angew. Chem. 
Int. Ed., 2011, 50, 11366-11372; (f) M. Amorín, A. L. Llamas-Saiz, 
L. Castedo and J. R. Granja, Cryst. Growth Des., 2011, 11, 3351–
3357; (g) S. Kohmoto,. S. Okuyama, N. Yokota, M. Takahashi, K. 
Kishikawa, H. Masu and I. Azumaya, Cryst. Growth Des., 2011, 11, 
3698–3702; (h) R. Natarajan, J. P. H. Charmant, A. G. Orpen and A. 
P. Davis, Angew. Chem. Int. Ed., 2010, 49, 5125–5129.  

9  (a) F. Paesani, J. Phys. Chem. C, 2013, 117, 19508−19516; (b) J. M. 
Taylor, K. D. Dawson and G. K. H. Shimizu, J. Am. Chem. Soc., 
2013, 135, 1193-1196; (c) S. C. Sahoo, T. Kundu and R. Banerjee, J. 
Am. Chem. Soc., 2011, 133, 17950-17958; (d) J. M. Taylor, R. K. 
Mah, I. L. Moudrakovski, C. I. Ratcliffe, R. Vaidhyanathan and G. K. 
H. Shimizu, J. Am. Chem. Soc., 2010, 132, 14055–14057; (e) C. 
Duan, M. Wei, D. Guo, C. He and Q. Meng, J. Am. Chem. Soc., 2010, 
132, 3321–3330; (f) K.-L. Huang, X. Liu, X. Chen and D.-Q. Wang, 
Cryst. Growth Des., 2009, 9, 1646-1650; (g) Z. Fei, D. Zhao, T. J. 
Geldbach, R. Scopelliti, P. J. Dyson, S. Antonijevic and G. 
Bodenhausen, Angew. Chem. Int. Ed., 2005, 44, 5720–5725; (h) B. 
Sreenivasulu and J. J Vittal, Angew. Chem. Int. Ed., 2004, 43, 5769–
5772. 

10  (a) S. Yamada and Y Nojiri, Chem. Commun., 2011, 47, 9143-9145; 
(b) S. Yamada, N. Sako, M. Okuda and A. Hozumi, CrystEngComm, 
2013, 15, 199-205. 

11  J. C. Ma, D. A.  Dougherty, Chem. Rev., 1997, 97, 1303-1324.  
12  S. Yamada and Y. Tokugawa, J. Am. Chem. Soc., 2009, 131, 2098-

2099.  
13  H.-J. Hao, D. Sun, F.-J. Liu, R.-B. Huang and L.-S. Zheng, Cryst. 

Growth Des., 2011, 11, 5475-5482. 
14  B. Mondal, B. Captain and V. Ramamurthy, Photochem. Photobiol. 

Sci., 2011, 10, 891-894.  
15  L. Infantes and S. Motherwell, CrystEngComm, 2002, 4, 454-461. 
16  U. S. Raghavender, S. Aravinda, N. Shamala, Kantharaju, R. Rai and 

P. Balaram, J. Am. Chem. Soc., 2009, 131, 15130-15132. 
17  Y. Ba, J. A. Ripmeester and C. I. Ratcliffe, Can. J. Chem., 2011, 89, 

1055-1064. Line-shape analyses of solid-sate 17O NMR spectra for 
water molecules were pioneered by Ratcliffe and his co-workers. 
They demonstrated that the water reorientation process of ice-Ih and 
THF gas hydrate could be described by Bloch-McConnell’s 
semiclassical exchange formalism20 with a model involving twelve 
orientations and four-step jumps of water molecular reorientations. It 
was also pointed out that the stationary 17O NMR spectra of ice-Ih at 
150 K and THF hydrate at 140 K corresponded to the NMR spectra 
without molecular motion.  

18  (a) D. E. Barnall and I. J. Lowe, J. Chem.Phys., 1968, 48, 4614-4618; 
(b) M. Weithase, F. Noack and J. von Schutz, Z. Phys., 1971, 246, 
91-96; (c) M. I. Valic, S. Gornostansky, M. M. Pintar, Chem. Phys. 
Lett., 1971, 9, 362-364.  

19 (a) L. E. Cheruzel, M. S. Pometun, M. R. Cecil, M. S. Mashuta, R. J.  
Wittebort and R. M. Buchanan, Angew. Chem. Int. Ed., 2003, 42, 
5452-5455; (b) M. S. Pometun, U. M. Gundusharma, J. F. Richardson 
and R. J. Wittebort, J. Am. Chem. Soc., 2002, 124, 2345-2351; (c) T. 
Ueda and N. Nakamura, Z. Naturforsch, 2000, 55a, 362-368. 

20  Bloch-McConnell’s semiclassical exchange formalism. 

Page 4 of 5CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Infinite water clusters with a T5(2) motif were observed in porous crystals of 4-nitrostyrylpyridine 

hydrochloride, the behavior of which was revealed by solid-state 17O NMR spectroscopic analyses.  

97x35mm (300 x 300 DPI)  

 

 

Page 5 of 5 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


