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Herein, we report the formation of a unique water-chloride-methanol 2D supramolecular network within
the hydrophobic interlayer cavities of a novel flexible metal-organic supramolecular host (MOSH) frame-
work formed by m-induced self-assembly of the monomeric metal-organic complex [Pr(1,10-phen),(H,-
0)5]Cl5(H,0)(CH30H) (1,10-phen = 1,10-phenanthroline) (complex 1). Single crystal X-ray diffraction
(SC-XRD), powder X-ray diffraction (PXRD) and spectroscopic techniques are used to characterize the
complex. The structural analysis reveals that in this MOSH the discrete metal-organic moieties are con-
nected by - - -7 interactions to form 2D metal-organic supramolecular sheet structures. The guest water
and methanol molecules together with counter chloride anions stabilize in the MOSH framework through
hydrogen bonding interactions between the 2D metal-organic supramolecular layers. The hydrogen
bonding interactions among the coordinated water and guest species form a unique 2D supramolecular
water-chloride-methanol sheet structure. Upon removal of guest water and methanol molecules by heat
treatment the supramolecular framework gets shrunk but retains the crystallinity while upon re-absorp-
tion of water molecules it undergoes structural change with expansion of effective guest accessible void
space. The flexibility of the supramolecular framework and the mechanism of thermally induced phase
transformation in the MOSH are examined by PXRD study. The photoluminescence property of the com-
plex 1 and the crystalline complex obtained after rehydration has been thoroughly investigated. The the-
oretical analysis has been performed to resolve the issue of stability of the 2D supramolecular water-
chloride-methanol sheet in the MOSH framework and it has been found that for complex 1 the stabiliza-
tion energy of the [(H,0)s-(CH30H)-Cls],.>~ is 1949.427Kcal mol~".

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The self-assembly of discrete molecular units via covalent or
non-covalent interactions, such as, hydrogen-bonding, m-stacking
interactions, etc. is a popular approach for design and synthesis
of new compounds having wide range of application potential
[1-6]. During self assembly the discrete metal-organic moieties
connect themselves through cooperative non-covalent interactions
and this leads to formation of metal-organic supramolecular host
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(MOSH) [7-12]. The guest molecules get stability in the MOSHs
through supramolecular interactions. The MOSHs can very effi-
ciently release and absorb guest molecules in a controlled manner
[13-14]. Depending on the design strategy, the MOSHs are classi-
fied in two broad categories, viz., charged MOSH and uncharged
MOSH. The uncharged MOSHs are capable of accommodating neu-
tral guest species like simple water clusters [15-19], whereas the
cationic MOSHs can easily accommodate anionic guest species like
chloride-hydrates [20-24]. Since the ion transportation is a very
important phenomenon in various chemical and biological pro-
cesses in the living systems [25-29], several novel strategies have
been adopted for recognition and transportation of ions in the self-
assembled complexes [30-31]. The self-assembly is one of the
unique approaches for construction of ion channels in cationic
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MOFs. The cationic metal-organic complex formation can be real-
ized without using any anionic donor ligands.

Studies on water clusters in metal-organic host complexes have
attracted a great deal of attention during recent times [32-36]. On
the other hand, hybrid clusters of water and other small organic
molecules or ions formed by hydrogen bonding interaction have
drawn relatively less attention. In particular, there are very few
reports on experimental identification and analysis of discrete
water-chloride clusters (the hydrogen-bonded assemblies of water
on crystallization and chloride counter ions in crystalline materi-
als) [19-24]. The hydration phenomenon of chloride ion has
canonical importance in the field of biochemistry [37] and supra-
molecular chemistry. Moreover, drug molecules are generally
organic molecules and they dissolve in organic solvents like meth-
anol, ethanol, etc. For efficient delivery of the anionic drug mole-
cules a better understanding of the mode of interaction of the
anions with organic solvents and water is a prerequisite. More than
70% of enzymes, substrates and cofactors are anions. Thus, more
theoretical and experimental investigations on hybrid water-chlo-
ride clusters with other organic molecules are very essential taste.

In this context, we have reported previously the formation of a
2D water sheet, a helical-water chain and water-chloride tape in
chiral supramolecular complexes and supramolecular hosts
[38,39]. As a continuing effort, in this report, we have shown that
a water-chloride-methanol 2D supramolecular network can be cre-
ated within the hydrophobic interlayer cavities of a dynamic
MOSH. A simple strategy that can be adopted for possible isolation
of a hybrid water-chloride system is to use a neutral ligand in syn-
thesizing Pr(Ill)-based cationic complexes. In this effort, we have
successfully synthesized a metal-organic complex [Pr(1,10-
phen),(H,0)s] Cl3(H,0)(CH30H), which includes water, chloride
and methanol as guest molecules using 1,10-phenanthroline
ligand. It is expected that the chelating nature of 1,10-phenanthro-
line along with its inherent m-stacking capability would integrate
the discrete metal moieties at least in one direction. The X-ray
crystal structure analysis has revealed that the complex assembles
into a 2D supramolecular architecture through 7 - -m interactions.
The complex behaves like a dynamic metal-organic supramolecu-
lar host (MOSH). Three chloride ions, one guest water molecule and
one guest methanol molecule along with five coordinated water
molecules form unique water-chloride-methanol hybrid 2D hydro-
gen bonded network and is stabilized within the hydrophobic
interlayer cavities. The most important property of the present
MOSH is its breathing nature — when the host is heated up it expels
the guest molecules and during cooling the species absorbs the
water molecules from the atmosphere. The dynamic breathing
metal-organic frameworks (MOFs) are easy to design but a
dynamic supramolecular host like the present one is rarely
observed as it requires involvement of weak forces. The present
work shows how weak 7t- - -1t stacking forces can be employed in
designing host-guest frameworks and may work as effective
example in designing new dynamic MOSHs.

2. Experimental
2.1. General

The ingredients praseodymium (III) chloride, hepta-hydrate and
1,10-phenanthroline were purchased from Merck Chemical Com-
pany and all other chemicals used were AR grade. The elemental
analysis (C, H and N) was carried out using a Perkin-Elmer 240C
elemental analyzer. The IR spectrum was recorded between 400
and 4000 cm~! using a Nicolet Impact 410 spectrometer employ-
ing the KBr pellet method. The thermal analysis was carried out
using a Mettler Toledo TGA-DTA 85 thermal analyzer under a flow

of N, (30mlmin~!). The sample was heated at a rate of
10 °C min~! with inert alumina as a reference. The photolumines-
cence spectra were collected on a Shimadzu RF-5301PC Spectro-
photometer. The Powder X-ray diffraction (PXRD) patterns were
recorded by using Cu-K,, radiation (Bruker D8; 40 kV, 40 mA).

2.2. Synthesis of complex 1 {[Pr(1,10-phen),(H>0)s]Cl3(H>0)(CHs0H)}

5 ml aqueous solution of PrCls-7H,0 (0.93 g, 0.0025 mol) was
added drop-wise to a solution of 1,10-phenanthroline (0.90 g,
0.005 mol) in MeOH (5 ml). The resulting solution was then filtered
off and was kept in open air. After 10 days, the light greenish yel-
low colored single crystals suitable for single crystal X-ray (SCXRD)
study appeared and they were collected by filtration. Yield: 1.40 g
(75% based on Pr). Anal. Calc. for C;sH3,PrN405Cl3: C, 40.15; H,
4.31; N, 7.49. Found: C, 40.02; H, 4.39; N, 7.36%. IR (KBr, cm™'):
3332br, 2298vw, 1627s, 1593s, 1574s, 1518s, 1421 m, 1343s,
1299m, 1102m, 1091w, 863m, 846s, 772s, 722w, 635W. /max (in
MeOH) 260 nm, 324 nm (shoulder).

2.3. Crystallographic data collection and refinement

The suitable single crystal of the complex was mounted on a
Bruker SMART diffractometer equipped with a graphite monochro-
mator and Mo Ko (2 =0.71073 A) radiation and the data was col-
lected at room temperature. The structure was solved by
Patterson method using the sHexs97 program. The hydrogen atoms
were placed in idealized positions and their displacement parame-
ters were fixed to be 1.2 times larger than those of the attached
non-hydrogen atoms. The position of non-hydrogen atoms were
refined with independent anisotropic displacement parameters.
The subsequent difference Fourier synthesis and least-square
refinement revealed the positions of the non-hydrogen atoms.
The successful convergence was indicated by the maximum shift/
error of 0.001 for the last cycle of the least square refinement. All
calculations were carried out using sHeLxs 97 [40], sHELxL 97 [41],
pLATON 99 [42], orTEr-32 [43] and WinGX system Ver-1.64 [44].
The data collection, structure refinement parameters and crystallo-
graphic data of complex 1 are provided in Table 1.

3. Results and discussion

3.1. Crystal structure of complex 1 {[Pr(1,10-phen)»(H,0)s]Cl3(H20)
(CHsOH)}

The analysis of SCXRD data have revealed that complex 1 is a
neutral mononuclear compound in which the Pr** ion is coordi-
nated to two different 1,10-phen ligands and five water molecules
as shown in Fig. 1. Each asymmetric unit contains one metal-
organic moiety, three chloride anions, one guest methanol mole-
cule and one guest water molecule. In the present case Pr(III)
shows nine coordination mode. The four nitrogen atoms (N1, N2,
N3 and N4) of two different 1,10-phen ligands and five water mol-
ecules (O1W, O2W, 03W, 04W and O5W) fulfill the nine coordina-
tion of Pr(Ill) through formation of a paddle-wheel shaped
molecular structure. Some selected coordination bond lengths
and bond angles are listed in Table 2 and 3, respectively. The two
1,10-phen moieties are nearly at the trans position to each other.
The Pr-N bond lengths lie between 2.662(2) and 2.723(2) A which
are well within the range of other reported Pr(Ill)-phen complexes
[45-48]. It is well known that the lanthanide ions have high affin-
ity for hard donor atoms and ligands with oxygen or hybrid oxy-
gen-nitrogen atoms [49]. The Pr-Oyacer distances are in the range
between 2.448(2) and 2.487(2)A (average 2.477 A), which are
comparable with those observed in other Pr3* ion complexes with
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Table 1
Crystallographic data and refinement parameters of complex 1.

Table 2
Selected bond lengths (A) of complex 1.

Crystal data Bonds Bond distance Bonds Bond distance
Formula C24H,6N405Pr, CH,0, H,0, Pri-01W 2.4826(19) Pr1-02w 2.484(2)
3cl Pr1-03wW 2.487(2 Pr1-04wW 2.448(2

Formula weight 747.81 Pr1-05W 2.481E3§ Pri-N1 2.709E2§
Crystal system triclinic Pr1-N2 2.662(2) Pr1-N3 2.723(2)
Space group P1 (No. 2) Pr1-N4 2.677(2)
a[A] 8.872(3)
b [A] 9.192(3)
;[[/§]] ;S%gg metal-organic unit bridges the phenyl ring [Cg5] of a symmetry
BI°] 84.689(5) [2 — x, —y, 1 — z] related metal-organic unit. Again, the pyridyl ring
y [°] 69.159(5) [Cg4] of the same 1,10-phen unit interacts with another phenyl
VA’ 1435.7(8) ring [Cg6] of the same symmetry [2 — x, —y, —z] related unit. In this
é P 373 0 way, the monomeric units are connected to form 1D supramolecu-
Hc(a;f,m Kor) [mm~] 2027 lar chains along the crystallographic c-axis as shown in Fig. 2.
F(000) 752 These 1D supramolecular chains are further connected by - -1t
Data collection interactions to form 2D supramolecular sheets within the ac-plane,
Temperature (K) 100 (Fig. 3). The pyridyl ring [Cg2] of one 1,10-phen unit connects the
Radiation [A] Mo Ko 0.71073 . .
Theta min-max [°] 11,284 self-complementary pyridyl ring [Cg2] of a symmetry related
Dataset 11: 11; —12: 12; —25: 24 [1 — X, —y, 1 — z] nearby unit. All the &- - -7 interaction parameters
Total 16947 are summarized in Table 4. The 2D supramolecular sheets are
Unique data 6698 packed along b-axis to form metal-organic supramolecular hosts
g‘;‘sewed data [I> 20()] 2'5?1105 (Fig. 4) bearing hydrophobic pockets lined up by the 1,10-phen
Refinement ligands. These hydrophobic pockets are filled up by one water mol-
Nref, Npar 6698; 361 ecule, one methanol molecule and three counter chloride ions. All
R 0.0276 these guest molecules interact with the metal-organic moieties
WRa 0.0717 through hydrogen bonding interactions. Among the guest species,
iﬂaximum and average shift/error (1):83 0.00 only Cl1 is connected with the framework by hydrogen bonding
Minimum and maximum residual density ~091, 1.51 interactions as shown in Figure S1. Two chloride ions, one water

[eA] molecule and one methanol molecule form a [Cl;(H,0)(MeOH)]

analogous ligands [48]. It is noteworthy that the monomeric units
are further connected by supramolecular hydrogen bonding and
- - -interactions with the guest molecules to form a 3D supramo-
lecular structure.

3.2. Supramolecular structure

In the present system, the monomeric metal-organic units are
connected by supramolecular m-interactions to from 2D supramo-
lecular sheets and between two 2D supramolecular sheets one
guest methanol molecule, one guest water molecule and three
charge neutralized chloride ions are accumulated by self-assembly.
The pyridyl ring [Cgl] of the 1,10-phen ligand in one

cluster by hydrogen bonding interactions as shown in Figure S2.
The hydrogen bonding interactions between the coordinated
water molecules and the guest species have formed a 2D supramo-
lecular network in the crystallographic ab-plane (Figs. 5 & S3). Cl1
is bound to H2W2 of O2W water molecule and the other hydrogen
atom H1W?2 is connected with methanolic oxygen atom O1. O1 is
also connected with H2W1 of O1W water molecule. Methanolic
hydrogen atom H101 is attached with CI3. The other hydrogen
atom H1WT1 is bound to atom CI2 and CI2 binds the H2W5 of
O5W water molecule. Other hydrogen atom H1W5 is bound to
Cl1. This CI1 is also connected with the H1W4 of 04W water mol-
ecule. Second hydrogen atom H2W4 of 04W binds the CI3 atom
which is consequently bound to HIW6 of O6W. The other hydro-
gen atom H2W6 of O6W has formed bond with CI2 while CI2 is
bound to H2W3 of O3W water molecule and H1W3 of O3W is con-
nected with ClI1, which is bound to H2W?2. All these together build

Fig. 1. The ORTEP diagram of complex 1.
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Table 3
Selected bond angles (°) of complex 1.
01W-Pr1-02W 70.13(8) 05W-Pr1-N3 69.76(6)
O1W-Pr1-03wW 132.85(7) O5W-Pr1-N4 78.94(6)
O1W-Pr1-04W 131.25(7) N1-Pr1-N2 61.66(6)
01W-Pr1-05W 70.69(8) N1-Pr1-N3 121.07(5)
01W-Pr1-N1 117.99(6) N1-Pr1-N4 148.66(6)
O1W-Pr1-N2 71.28(6) N2-Pr1-N3 139.58(6)
01W-Pr1-N3 120.93(6) N2-Pr1-N4 139.99(5)
01W-Pr1-N4 69.50(6) N3-Pr1-N4 61.26(5)
02W-Pr1-0O3wW 72.48(6) 02W-Pr1-04W 140.55(6)
02W-Pr1-05W 140.40(6) 02W-Pr1-N1 73.26(6)
02W-Pr1-N2 91.74(6) 02W-Pr1-N3 128.55(6)
02W-Pr1-N4 82.37(6) 03W-Pr1-04W 95.90(6)
03W-Pr1-05W 135.36(6) 03W-Pr1-N1 76.02(6)
03W-Pr1-N2 137.58(6) 03W-Pr1-N3 65.66(6)
03W-Pr1-N4 78.07(6) 04W-Pr1-05W 73.53(6)
04W-Pr1-N1 67.32(6) 04W-Pr1-N2 71.39(6)
04W-Pr1-N3 73.85(6) 04W-Pr1-N4 133.18(6)
05W-Pr1-N1 132.31(6) 05W-Pr1-N2 81.04(6)

up a supramolecular 2D sheet of {(H,0)s-(CH30H)-Cl3},. The
hydrogen bonding association of the guest with the host leads to
the formation of a 3D supramolecular assembly of the host-guest
framework (Figure S4). All the hydrogen bonding interactions are
summarized in Table 5.

3.3. Thermal analysis

We have studied the thermal stability of the complex (Fig. 6).
The thermogravimetric analysis shows a weight loss of 12.43% (cal-
culated 13.91%) in the temperature range between 40 and 117 °C
which corresponds to the loss of one lattice water molecule, one
methanol molecule and three coordinated water molecules. A fur-
ther weight loss of 3.96% occurs between 117 and 257 °C consis-
tent with the loss of two coordinated water molecules
(calculated 4.82%). The observed weight losses are a little bit lower
than the theoretical values. The slight discrepancy is due to weight
loss occurring even at lower than 40 °C, illustrating the dynamic
nature of the water molecules in the solid state.

3.4. Study on dynamic nature of the host-guest binding-removal and
reintroduction of guests

The rigid metal-organic coordination polymers have attracted
considerable interest because of their potential applications in
catalysis, adsorption and ion exchange [50-52]. However, the flex-
ible metal-organic frameworks are more efficient for these appli-
cations [53-56], as flexible frameworks are very sensitive to the
presence of guests and undergo structural changes depending
upon the number and nature of the guest molecules [57-60]. The
thermal study of complex 1 has revealed that within 117 °C one
guest water molecule, one methanol molecule and three coordi-
nated water molecules escape from the complex. Therefore, to
study the nature of the framework after evacuation of the guest

water, guest methanol and coordinated water molecules we have
heated complex 1 at 117 °C for 3 h and subsequently recorded
the PXRD data of the heat treated sample. The PXRD analysis indi-
cates that this heat treated sample is crystalline in nature. So, even
after the removal of the coordinated and guest water and methanol
molecules the host retains its crystallinity. Due to heating, the peak
at 9.37¢° (1st peak) disappears while a new peak appears at 13.56°.
Moreover, the intensity of the peak at 10.27° decreases. As the 1st
peak appears at a higher angle compared to that of the parent com-
plex (complex 1) so it can be inferred that upon thermal treatment
shrinking occurs i.e., the supramolecular sheets come closer to
each other after heating. The PXRD pattern of this new complex
matches well with the simulated XRD pattern of [Pr(phen),Cl3,H;.
O] (Fig. 7) [61]. It may therefore be inferred that the structure of
the sample obtained by heating complex 1 at 117 °C is similar to
that of [Pr(phen),Cl3,0H,]. Thus, upon removal of guest molecules
and coordinated water molecules (partly) by heating, the supramo-
lecular complex undergoes structural changes that leads to the for-
mation of a new complex having the crystal structure similar to
that of [Pr(phen),Cl3,H,0].

The crystalline nature of the partially evacuated complex
inspired us to study the flexibility of the complex upon heat treat-
ment. So, this partially evacuated complex was kept in open air.
After 14 days, a light green crystalline solid (complex 1a) was col-
lected and PXRD pattern of complex 1a was recorded. The PXRD
pattern shows that the peak at 9.37° reappears which indicates
that the heated complex absorb water from air and water mole-
cules enter between the 2D supramolecular metal-organic sheets
and this in turn has expanded the channels between the sheets.
There are some notable dissimilarity between the PXRD patterns
of complex 1, complex 1a and the partially dehydrated complex.
For complex 1a the intensity of the peak at 10.27° has diminished
and highest peak has been found at 11.27°. Thus it can be con-
cluded that due to soaking of water a new phase has been gener-
ated. All the PXRD patterns are presented in the Fig. 7. The
results of PXRD study on complex 1, complex 1a and the partially
dehydrated complex have clearly revealed that the MOSH under
investigation exhibits “shrinking and expanding ability” upon evac-
uation and reintroduction of guest molecules.

We have examined the thermal behavior of complex 1a (Fig. 8).
According to Figs. 6 and 8 thermal behavior of complex 1 and 1a is
different up to 250 °C but it is nearly similar above 250 °C. This dif-
ference is due to the fact that complex 1 contains methanol and
water as guest along with the coordinated water molecules while
complex 1a does not have any methanol molecule. The similarity
of thermogravimetric curves of complex 1 and 1a indicates that
the main structural pattern of the MOSH remains more or less
same upon evacuation and reintroduction of guest molecules.

3.5. Temperature and heating time dependent PXRD studies

In order to investigate the mechanism of structural transforma-
tion, we have heated complex 1 at different temperatures and for
different time duration at a fixed temperature and we have

Fig. 2. 1D supramolecular chain is formed along crystallographic c-axis by - - - interactions (Pr = Orange, C = Grey, N = Blue, O = Red). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 1D chains are further connected by 7t - -7 interactions to form 2D supramolecular sheets within ac-plane (Pr = Orange, C = Grey, N = Blue, O = Red). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

- - - interactions of complex 1.
Cg;---Cg; Cgi- - -Cgj distance/A a/(°) Cgi perpendicular distance to Cgj Symmetry
Cgl---Cg5 3.715(2) 1.07(13) 3.4051(11) 2-x%-y.1-z
Cg2.--Cg2 4.136(2) 0 3.5163(11) 1-%-y,1-2z
Cg2---Cg5 3.919(2) 1.95(13) 3.5368(11) 1-x%-y1-z
Cg4---Cg4 3.703(2) 0 3.5580(11) 2-X -y, —z
Cg4---Cgb 3.883(2) 3.68(14) 3.5809(12) 2-Xx,-y, -z
Cg5---Cgl 3.715(2) 1.07(13) 3.3901(11) 2-%-y1-z
Cg5---Cg2 3.919(2) 1.95(13) 3.4800(11) 1-x%-y1-z
Cg5---Cg5 3.918(2) 0 3.3807(11) 2-x-y1-z
Cg6---Cg4 3.883(2) 3.68(14) 3.4788(12) 2-Xx,-y, -z
Cgb---Cg6 3.850(2) 0 3.4849(13) 1-%-y -z

Cgl: N1->C1->C2->(C3->(C4->C5->; Cg2: N2->(C9->(C8->C10->C11->Cl12->; Cg4: N4->C21->(C20->(C22->C23-—-
> (24->; Cg5: C4->(C5->C9- > (8-> (C7->(C6->; Cgb: C16-> C17->C21-> C20- > C19-> C18->.

recorded PXRD patterns of the samples obtained after heating
(Figs. 9 and 10). We have heated the sample at 75, 100 and
120 °C for 1 h in each case and recorded the PXRD pattern of these
heated products. The changes occurred in the PXRD patterns are
shown in Fig. 9. The PXRD analysis reveals that upon heating at
75°C the 1st peak shifts toward higher angle (at 9.67° from
9.43°) and a new sharp peak appears at 13.50° along with the
changes in other peaks. The PXRD pattern obtained after heating
complex 1 at 120 °C is distinctly different from all previous phases.
We have recorded the PXRD pattern of the sample after heating it
at 120 °C for 40 min, 80 min and 120 min. No significant change
has been observed in these PXRD patterns (Fig. 10). It may there-
fore be concluded that with the increase in heating temperature
the structural transformation proceeds in stepwise manner
through gradual removal of guest molecules. Moreover, upon heat-
ing at 120 °C for a certain time the guest water molecule, methanol
molecule and three coordinated water molecules get released from
the host framework and so a new phase has been produced and no
further change occurs.

3.6. Photoluminescence study

For praseodymium (III), there are three possible emitting f-
states, e.g., >Py, 'D, and 'G4. However, in solution transitions takes
place from two excited states (°Po and 'D-) [62], and from three
excited states (°Po, 'D, and 'G,) in solids [63-65]. Moreover, Pr**
also emits efficient ultraviolet 5d-4f-luminescence [80-83] and
this transition is used for the fluorometric determination of Pr’*
in solutions [65-67].

The emission spectrum of complex 1 in solid state has been
presented in Fig. 11. It is composed of four emission manifolds:
the intense 3Po—>H, transition at 484 nm, the weak >Py—>Hs tran-
sition at around 505 nm, a complex band system in 558-670 nm
range including the 'D,—3H, transition (572 nm), 3Po—>Hs
(592nm) and 3Py—3F, (672nm) transitions, and the weak
3py—3F;4 emission at around 719 nm. The m-m* transition of
1,10-phen appears in the wavelength region of 340-420 nm with
a broad band around 384 nm, which can be attributed to the phos-
phorescence of 1,10-phen [68]. The appearance of such phospho-
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Fig. 4. Supramolecular hosts are filled up by guest molecules (Pr = Grey, C = Cyan, N = Blue, O = Red, Cl = Green). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. 2D supramolecular sheet in crystallographic ab-plane formed by hydrogen bonding (green) interactions (C = Cyan, O = Red, H =White, Cl = Yellow). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rescence band at room temperature is a very rare case and it indi-
cates the presence of stable triplet state in 1,10-phen.

The emission spectrum of complex 1a (Fig. 12) is nearly similar
to that of complex 1. It shows an intense >Pq—>H, transition at
486 nm, a very weak peak at 500 nm for 3Py—>Hs transition. A
set of peaks with small intensity are also observed within the
wavelengths range of 567-670 nm that includes the 'D,—3H,
(567 nm), >Po—>Hg (594 nm) and >Po—°>F, (668 nm) transitions.
The m-rt* transition of 1,10-phen appears in the wavelength region
of 330-415 nm with a broad band around 385 nm, which can be
assigned to the phosphorescence of 1,10-phenanthroline. Thus,
the photoluminescence property of complex 1 and 1a is similar
in nature.

3.7. Theoretical study

We performed an ab initio geometrical optimization of the H-
atom positions at the MP2 level of DFT theory with the 6-31"*
G(d,p) basis set by freezing the positions of the heavy oxygen
atoms for a quantitative understanding of the stability of the
water-chloride-methanol cluster. All calculations have been imple-
mented with the GAUSSIAN-03 package [69]. We have performed
the calculation with one motif made of six water-one methanol-
three chloride, [(H,0)s-(CH30H)-Cl5],>~ (Figure S5) as it is the
basic repeating unit of the whole water-chloride-methanolic sheet.
We consider the stabilization energy of the cluster association
having n number of water molecules (E,_me) to be equal to
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Table 5
Hydrogen bond dimensions of complex 1.
D-H.--A D-H/A H---AJA D.--A/A <D-H.--AJ(°) Symmetry
O1W-H1W1.-.CI2 0.87 2.27 3.110(3) 163 x,-1+y,z
O01W-H2WT1.-.01 0.88 1.91 2.758(5) 163 1+x, —1+y,z
02W-H1W?2...01 0.85 1.95 2.769(5) 162 1+x,—-1+y,z
O2W-H1W2...06W 0.85 2.17 2.711(4) 121 1+x,—-1+y,z
02W-H2W2.-.Cl1 0.86 2.24 3.077(2) 164 1+x,y,z
O3W-H1W3.-.Cl1 0.88 2.21 3.092(2) 180 1+Xx,y,2
O3W-H2Ws3.-.CI2 0.87 2.25 3.122(2) 179
04W-H1W4. - .Cl1 0.89 221 3.098(2) 179
04W-H2W4. . .CI3 0.88 2.07 2.949(2) 179
O5W-H1WS5. - .Cl1 0.82 2.43 3.156(3) 149
O5W-H2WS5. - .CI2 0.82 2.46 3.276(2) 169 x,—1+y,z
01-H101---CI3 0.86 1.98 2.444(5) 113
O6W-H1W6. - -CI3 0.87 2.22 3.087(3) 172
O6W-H1W6. - -01 0.87 1.84 2.336(6) 114
O6W-H2W6. - -CI2 0.86 2.32 3.176(4) 173
C1-H1-.-03W 0.95 2.44 3.130(3) 129
C11-H11---CI13 0.95 2.74 3.524(3) 140 x,—1+y,z
C13-H13-.-04W 0.95 2.50 3.087(3) 120
C19-H19.--Cl1 0.95 2.80 3.744(3) 176 1-x -y, —z
C24-H24---01W 0.95 2.56 2.955(3) 106
C25-H25B---CI3 1.00 2.48 2.934(6) 107
C25-H25C---Cl1 0.96 2.42 3.237(4) 143
mg
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Fig. 6. The thermal plot of complex 1.
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Fig. 7. PXRD patterns of the complexes: (a) simulated pattern of complex; (b) PXRD pattern of the as synthesized material; (c) PXRD pattern of the specimen obtained after
removal of guest molecules; (d) simulated pattern of compound reported by M. Khorasani-Motlagh et.al.; (e) PXRD pattern of the compound after re-absorption of water.
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Fig. 8. Thermal plot of complex 1a.
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Fig. 9. PXRD patterns (a) black: simulated pattern, (b) deep gray: as synthesized pattern, (c) royal: after heating at 75 °C, (d) wine: after heating at 100 °C, (e) orchid: after
heating at 120 °C, (f) orange: after rehydration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. PXRD patterns (a) black: after heating for 40 min, (b) deep gray: after heating for 80 min, (c) pink: after heating for 120 min at 120 °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Photoluminescence spectra of complex 1.
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Fig. 12. Photoluminescence spectra of complex 1a.

En-mer — (NEmonomer) and similar approach has been adopted for
chloride ion and methanol molecule. The monomeric energy was
calculated by optimizing a single H,O molecule, methanol mole-
cule and chloride ion at the same level of the theory. The basis
set superposition error (BSSE) was taken into account following
the counterpoise method in the calculation of stabilization energy.
The corrected stabilization energy of the [(H,0)s-(CH30H)-Cl5],.>~
was found to be —1949.427 Kcal mol~! for complex 1. The MP2
optimized coordinates of water-chloride-methanol cluster for com-
plex 1 is given in Table S1.

4. Conclusion

In this work, we have shown that hybrid water chloride system
can be incorporated in a Pr(Ill)-based complex synthesized by
using a neutral ligand 1,10-phenanthroline. The cationic complex
[Pr(phen),(H,0)s]>* has been stabilized by the counter chloride
anions. The 2D sheets are formed within the ac-plane by using
the 7. - -7 interactions between 1D supramolecular chains formed
by connecting the monomeric units. These 2D sheets are further
packed by 7 - - interactions to form the MOSH having hydropho-
bic pockets in which guest water, chloride and methanol are stabi-
lized through weak interactions. The hydrogen bonding

interactions among coordinated water along with the guests form
a unique 2D supramolecular water-chloride-methanol sheet. The
guest responsive hydrophobic pockets between 2D supramolecular
sheets are flexible in nature. The MOSH can shrink and readjust
itself with the retention of crystallinity upon the expulsion and
introduction of guest species. It also regains its original shape upon
reabsorption of guest species. The present system thus behaves
like a dynamic supramolecular metal-organic host which can
breathe upon heating and cooling with simultaneous aquation.
This dynamic nature is due to the strong affinity of the host
towards the guest molecules. The coordination tendency of the
Pr(Ill) ion and the self-assembling tendency of water-chloride
and methanol stabilize the system and these are responsible for
the affinity of the host towards the guest molecules. The unique
hydrogen bonded network of water-chloride and methanol mole-
cules obtained in the present crystalline host will enhance our
knowledge on the water-anion assembly and further work may
help to understand how water-chloride and methanol may behave
in biological processes like chloride ion transportation. In sum-
mary, the present crystal structure is a very interesting example
of dynamic supramolecular metal-organic host and will act as a
guide in the design of further metal-organic host system — where
metal coordination tendency towards water molecules and anion-
water self-assembling tendency can be utilized.
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