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Abstract: The combinations of bisamidium dicationic tectons 1-2H* and 2-2H* bearing two OH groups as
additional H-bond donor/acceptor sites with [M(CN)s]*"» (M = Fe, Co, Cr) anions lead to the formation of
robust porous crystals (decomposition temperature in the range of 240—300 °C) offering channels occupied
by water molecules. The release and uptake of solvent molecules takes place through a reversible single
crystal-to-single crystal transformation. Importantly, the temperature of dehydration can be increased by
ca 40 °C through the decoration of the channels by introduction of OH groups on the backbone of the

organic tecton.

1. Introduction

Molecular organization through self-assembly processes,' that
is, spontaneous generation of complex molecular architectures
from molecular units through reversible intermolecular interac-
tions is continuously attracting interest. In the solid state,
molecular crystals are defined as periodic 3-D assemblies of
molecules. By considering crystals as supramolecular® as-
semblies,” that is, looking at molecular components of crystals
as construction units or tectons,*> one may, by design, control
some of the intertectons interactions through molecular recogni-
tion events. Owing to the periodic nature of crystals, the
recognition patterns must be regarded as structural nodes® and
depending on the number (1, 2, 3) of translations operating on
them, this type of molecular crystals may be regarded and
analyzed as X-D (X =1, 2, 3) molecular networks.” Concerning
the recognition patterns in the case of purely organic tectons,’
many different types such as inclusion processes mainly based
on van der Waals interaction,® H—bonding9 and coordination
bonding'® have been explored over the last two decades.
Although at the initial steps of this approach, investigators were
interested in the understanding and control of structural features
of molecular networks in the crystalline phase, i.e. mainly the
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connectivity patterns, since a decade, considerable effort has
been invested in obtaining molecular crystals with specific
properties in the area of optics,'' magnetism'? or porosity.'* In
terms of applications, the control of porosity is an important
issue since it may be applied to storage, separation and catalysis.
The main challenges here are (i) to develop design principles
allowing to generate thermally robust porous materials capable
of exchanging the guest molecules without loss of structural
integrity and crystallinity, (ii) to control, through the nature of
the backbone, the properties of the porous architecture, in
particular pore size, shape and polarity. Although H-bonds have
been often used in the area of crystal engineering,’ with the
exception of few examples,'* the majority of reported porous
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crystalline materials are based on coordination networks or
metallo-organic frameworks (MOFs)."?

For the generation of porous crystals based on molecular
networks, H-bonding, owing to its rather directional nature,”**"
is an interesting tool for the design of the structural nodes.
However, this type of interactions is rather weak. To form robust
architectures, one may combine H-bonding with less directional
electrostatic charge—charge interactions. This type of recognition
pattern is called charge-assisted H-bonds and was deeply
investigated by the Ward’s group using a combination of
guanidinium as the cationic tecton and sulfonate derivatives as
anionic partners.'® Furthermore, the same group has elegantly
demonstrated the possibility of modulating the pore size through
the nature and length of the pillars.'®"

We have also investigated charge-assisted H-bonding by
combining amidinium derivatives and a variety of anionic
tectons. ™! 72!

The design of porous crystals requires several levels of
analysis and organization: (i) tectons (shape, size, number and
localization of interaction sites, number and nature of auxiliary
sites decorating the empty space), (ii) network formed by mutual
interconnection of tectons (dimensionality (1—3D), polarity and
porosity), (iii) crystal obtained by the packing of networks
(porosity, interpenetration, noninterpenetration), and (iv) pores
(size, shape, accessibility, polarity, hydrophilicity, hydrophobic-
ity).

For porous crystals, one of the most challenging tasks remains
the control of interactions between channels and guest mol-
ecules. In other terms, the design of proper tectons bearing
within their backbones both recognition sites taking part in the
formation of the network and furthermore auxiliary groups
pointing toward the interior of channels and thus allowing to
decorate the empty space.

In this contribution, we report an unprecedented study
demonstrating the fine control of reversible water release and
uptake by designed robust porous crystals based on the
combination of the cationic tecton 2-2H" bearing two OH groups
as auxiliary sites and hexacyanometallate anions (Figure 1).
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Figure 1. Schematic representation of neutral 2-D honeycomb type charge-
assisted H-bonded networks presenting hexagonal cavities formed upon

combining dicationic tectons such as X-2H", (X = 1—3) with [M"™(CN)s]*~
(M = Fe, Co, Cr) complex anions.

2. Experimental Section

2.1. Materials. The chemicals purchased from commercial
sources were used without further purification.

Synthesis of 1—2HCI. The initial synthesis of 1-2HCI was based
on the Oxley and Short method consisting in the condensation in
the solid state of the monotosylate salt of 1,3-diaminopropane with
1,4-dicyanobenzene affording the dicationic compound 1 as its
tosylate salt.?> However, we found a more efficient alternative
preparation based on the use of P,Ss as catalyst.?

1,4-Dicyanobenzene (1.73 g, 13.6 mmol), 2.00 g (27.2 mmol, 2
equiv) of 1,3-diaminopropane, and ca 20 mg of P,Ss were heated
at 120 °C and stirred under a gentle flux of argon during 2 h. The
resulting solid was cooled to 50 °C, grounded at r.t., and then
acidified with an aqueous solution of HCI (1N) until pH ~1 was
reached. After stirring during 15 min, the mixture was filtered. The
filtrate was evaporated leaving a slightly yellowish solid. The latter
was dissolved in distilled water. Upon air evaporation, large
yellowish crystals of pure compound 1-2HCI were obtained (70%

(16) (a) Russell, A.; Etter, M. C.; Ward, M. D. iy 19%4.

116, 1941-1952. (b) Russell, V. A.; Evans, C. C.; Li, W.; Ward, M. D.
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hgikatas. 2001, /23, 4421-4424. (f) Holman, K. T.; Pivovar, A. M.;
Ward, M. D. Sgigucg 2001, 294, 1907-1911. (g) Dalrymple, S. A.;
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129, 14640-14660.
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4626-4627.
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yield). "H NMR (D,0 + rBuOH, 300 MHz, 25 °C, ppm): 2.13 (q,
4H, J = 5.8 Hz, CH,(CH,—N),); 3.62 (t, 8H, J = 5.8 Hz CH,—N);
7.88 (s, 4H, CH arom.); '*C NMR (D,O + rBuOH, 75 MHz, 25
°C, ppm): 18.1 (CH,—CH,—CH,); 39.7 (CH,—NH,); 128.9 (CH
arom.); 133.6 (C arom.); 160.2 (N—C—N). The solid state structure
of 1-2HCI have been previously determined.?

Synthesis of 2—2HCI. For the compound 2-2HCI, both the
synthesis and crystal structure have been previously reported.'*”

Synthesis of (1—2H");(M[(CN)s]*),*7H,0) (M = Cr, Fe
or Co). To an aqueous solution (distilled, 100 mL) of KsM(CN)g
(100 mg, 0.30 mmol) an aqueous solution (distilled, 100 mL) of
1-2HCL. 4H,0 (180 mg, 0.465 mmol) was added. After two days,
crystalline material was obtained. The latter was filtered and dried
in air affording the desired solid material in ca 60% yield. The
yield could be increased to ca 80% and further to 95% reducing
the total volume of water by a factor of 2 or 5 respectively.
However, as expected, both the quality and size of crystals appeared
to be strongly dependent upon concentration. For all three cases,
the homogeneity of the polycrystalline sample, that is, presence of
a pure phase was checked by PXRD measurements.

Synthesis of (2—2H");(M[(CN)s]*"),. 8H,0) (M = Cr, Fe
or Co). To an aqueous solution (distilled, 100 mL) of KsM(CN)
(120 mg, 0.36 mmol) an aqueous solution (distilled, 100 mL) of
2-2HCI-2H,0 (180 mg, 0.470 mmol) was added. After two days,
crystalline material was obtained. The latter was filtered and was
dried in air affording the desired solid material in ca 55—60% yield.
Again, the homogeneity of the polycrystalline samples was checked
by PXRD measurements for all three cases.

2.2. Physical Measurements. Single-Crystal Studies. Data
were collected at 173(2) K on a Bruker APEX8 CCD Diffracto-
meter, equipped with an Oxford Cryosystem liquid N, device, using
graphite-monochromated Mo—K, (A = 0.71073 A) radiation. For
all structures, diffraction data were corrected for absorption. The
structures were solved using SHELXS-97 and refined by full matrix
least-squares on F? using SHELXL-97. The hydrogen atoms were
introduced at calculated positions and not refined (riding model).?*

Powder Diffraction Studies (PXRD). PXRD diagrams were
collected on a Scintag XDS 2000 diffractometer using monochro-
matic Cu Ka radiation with a scanning range (2 h) between 5 and
90° using a scan step size of 2°/mn.

Variable temperature powder diffraction studies were performed
under static air on a Siemens D-5000 diffractometer (6—6 mode,
CoKot radiation, A = 0.1789 A) equipped with an Anton Parr
HTKI16 high temperature device and a M Braun linear position
sensitive detector (PSD).

The dehydration—rehydration process has been studied in the
20—200—20 °C temperature range with 10 °C steps for (2-
2H)3([Co(CN)6]*7),* 8H,0 and in the 20—200—60 °C temperature
range with 10 °C steps for (2-2H")3([Co(CN)s]* "), 8H,0. The delay
between consecutive acquisitions was 40 min.

Thermogravimetric (TGA) Studies. TGA measurements have
been performed on Pyris 6 TGA Laboratory System (Perkin-Elmer),
using a N, flow of 20 mL/mn and a heat rate of 10 °C/mn.

DSC Studies. DSC measurements have been performed on a
DSC Jade (Perkin-Elmer), using a N, flow of 20 mL/mn and a
heat rate of 10 °C/mn except for the case of crystals containing
cobalt for which both heat rate of 2 and 10 °C/ mn were imposed.

3. Results and Discussion

H-bonding, one of the most exploited ones,*’*? is a particular

mode of interaction allowing to design a variety of recognition
patterns. Its rather weak nature may be compensated by addition
of more robust charge—charge electrostatic interactions.'®” 2
We have, for some time now, explored this idea by combining
H-bond donor cationic and H-bond acceptor anionic tectons.'” >

Scheme 1

3 3}

N N
o))
N N
H H

1-2H*, R=H

2-2H*, R=CH
3.0H Bobr

In particular, we have shown that dicationic tectons such as
compounds X-2H*, (X = 1—3) (Scheme 1) are particularly well
suited for the generation of charge-assisted H-bonded networks
when combined with cyanometallate complex anions.'® > For
example for compound 1-2H™, 1-D networks are obtained with
dicyanometallates [M(CN),]~ (M = Au or Ag),'® tetracyano-
metallates [M'(CN),]>~ (M = Ni, Pd and Pt)'® and pentacya-
nometallate [Fe''(CN)sNO].?® The same tecton leads to the
formation of 2-D networks when associated with hexacyano-
metallates [MT(CN)¢]*~ (M = Fe, Co, Cr) or [M(CN)]*~ (M
= Fe, Ru) anions.'**?'

By a systematic structural study using X-ray diffraction on
single-crystals, we have shown that the combination of dicationic
tectons such as 1-2H"'%* and 3-2H**'® (Scheme 1) with
[M™(CN)¢]*~ (M = Fe, Co, Cr) anions leads to the formation
of honeycomb type neutral 2-D charge-assisted H-bonded
networks presenting deformed hexagonal cavities (Figure 1).
The observed connectivity and shape result from the 3/2
stoechiometry between the two complementary tectons which
leads to a neutral system. The packing of the 2-D networks leads
to the formation of porous crystals offering distorted hexagonal
channels along the a axis.

In the case of 1-2H™, the channels, representing ca 16%>° of
the total volume of the crystal, are obviously not empty but
filled with 7 water molecules (Figure 2a).'”® These solvent
molecules interact through H-bonds with anions (OH++*N with
O-++N distance in the range of ca 2.85—2.95 A) as donor or
with other water molecules either as donor or acceptor (OH+++O
with O+++N distance in the range of ca 2.80—2.85 A). No
interaction by H-bonding between the water molecules and the
organic part of the network is observed. Among the 7 water
molecules, one is disordered over two positions with an
occupancy of 0.5, whereas the other six form 1-D networks
though interconnection of hexagons by tetragons (Figure 4a).

In the case of 1-2H™, the three crystals obtained do not present
the same crystallographic features (Figure 3). Indeed, whereas
crystals based on [Co(CN)g]*~ and [Fe(CN)]*~ are isostructural
(triclinic, space group P1, Figure 3a), for [Cr(CN)e]*~, the crystal
shows a higher symmetry (monoclinic, space group P2,/n, Figure
4b) (see Table 1 and Table S1 in the Supporting Information).
This feature, corresponding to a flip of 1-2H™ units, is probably
for steric reasons the consequence of the longer Cr—N distance
(dern =324 A, dpe = 3.09 A, dey = 3.04 A).

Based on the above-mentioned observations on 1-2H", we
have designed the tecton 3-2H" bearing four propyl chains and
demonstrated that, for steric reasons and by rendering the interior
of the channels more hydrophobic, it is possible to prevent the
inclusion of water molecules by occupying the channels by the
propyl fragments (Figure 2¢).>'®

3.1. Design and Structural Studies. To demonstrate the
possibility of increasing the hydrophilicity of the channels

(24) Sheldrick, G. M. Programs for the Refinement of Crystal Structures;
University of Gottingen: Gottingen, Germany, 1996.
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C

Figure 2. Schematic representation of 2-D honeycomb type charge-assisted H-bonded networks generated by combining tectons X-2H" (X =1 (a); X =
2 (b); X = 3 (¢)) with [M(CN)s]>~ (M = Fe, Co, Cr) anions. For 1-2H"and 2-2H", the blue circle in the center of the cavity represents the water molecules.

®© @ © ¢ © ® o © o
a) [+)]

Figure 3. Schematic representations of the two types of 2-D networks
obtained for the association of 1-2H" with [M(CN)]>~ anions: P1 (a) for
M = Fe and Co and P2,/n (b) for M = Cr. Grey circles represent the metal
centers. The increase in symmetry in the case of Cr corresponds to a flip of
1-2H" units. For 2-2H", in all three cases isostructural crystals (b) are
obtained.

(Figure 1), the tecton 2-2H* was designed (Figure 2b). The
latter, an analogue of 1-2H*, possesses two cyclic amidinium
groups taking part in the recognition pattern as H-bond donor
sites when combined with cyano groups of the cyanometallate.
Furthermore, in order to bind water molecules in the channels
and thus control their release and uptake, tecton 2-2H" was
decorated with two auxiliary OH groups at its both extremities
pointing toward the interior of the pores. It is worth noting that
owing to its less acidic character, the OH groups do not compete
with amidinium sites and thus indeed behave as auxiliary groups.

Upon mixing an aqueous solution of potassium hexacyano-
metallate KsM(CN)q (M = Fe, Co, Cr) and an aqueous solution
of the diprotonated tecton 2-2H™ as its chloride salt, large
quantities of crystalline materials were obtained for all three
metal cations (see Table 2 and Table S2 in the Supporting
Information). In each case, the homogeneity of the crystalline
batch was confirmed by X-ray powder diffraction (PXRD) which
revealed a single phase. For the sake of comparison, the same
procedure was employed when using the tecton 1-2H*.

In all cases, the solid state structures of the crystalline
materials were investigated by X-ray diffraction on single-
crystals (Figure 4b). In contrast with the case of 1-2H™ for which
crystals are composed of 1-2H™, [M(CN)4]*~ (M = Fe, Co, Cr)
and 7 water molecules (Figure 4a), for 2-2H™, 8 water molecules
are present in the lattice. The structural study revealed that
crystals obtained with all three cations are isostructural (mono-
clinic, space group P2,/n, Figure 3b). As expected from the
design of 2-2H™, the cationic and anionic units are intercon-
nected through both H-bonding and electrostatic interactions
leading to the formation of neutral 2-D networks.

For the organic tecton 2-2H*, each cyclic amidinium moiety
adopts the half-chair conformation. The phenyl ring connecting
the two cyclic amidinium moieties is tilted with the NCCC
dihedral angle in the range of —47 and 42°. The tecton is
centrosymmetric and thus the two OH groups (dc.on of ca 1.42
A) pointing in opposite directions are localized above and below
the main plane of the backbone. As expected from the difference
in the pK, values between the cyanometallate and the amidinium
group, the acidic protons are localized on the latter (dc—n of ca
1.32 A, NCN angle of 121°). The dication/trianion stoichiometry
is 3/2 and each hexacyanometallate is connected to three
bisamidinium and conversely each 2-2H™ is connected to two
[M(CN)g]*~. The recognition event between [M(CN)]*~ anion
and the cationic tecton 2-2H* defining the nodes of the network
occurs via a dihapto mode of H-bonding between two acidic
protons localized on the same side of 2-2H* and two adjacent
coyanide groups of the metal complex (dn.nc of ca 2.85—2.90
A).

This connectivity mode leads to the formation of neutral 2-D
honeycomb type networks with a (6,3) topology’®*® with the
OH groups pointing toward the interior of the cavity (Figure
2b). The 2-D networks are packed along the a axis in parallel
mode and eclipsed fashion. Consequently, the crystal presents
distorted hexagonal type channels which represent 12% of the
total volume of the crystal.® This corresponds to 4% decrease
when compared to 1-2H" (16%).

The channels are filled with water molecules. Although the
volume of the channels is decreased by 4% in the case of 2-2H™,
the increase in the number of water molecules from 7 for 1-2H*
to 8 for 2-2H" is due to the interactions through H-bonding
between water molecules and OH groups. Indeed, whereas for
1-2H", as stated above, the solvent molecules form only
H-bonds between them and with CN groups of the cyanomet-
allate units, in the case of 2-2H™, as expected by its design,
three types of H-bonding take place, that is, HOH+**NC (do—n
in the range of 2.81—2.90 A), HOH-++OH (do_o in the range
of 2.71-2.77 A), H,0++-HOC (do—o in the range of 2.66—2.69

(26) (a) Wells, A. F. Three-Dimensional Nets and Polyhedra; Wiley-
Interscience: New York, 1977. (b) Wells, A. F. Further Studies of
Three-dimensional Nets, ACA Monograph No. 8; American Crystal-
lographic Association: Buffalo, 1979. (c) Batten, S. T; Robson, R.

I 1998. 37, 1460-1494.
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Table 1. Short Crystallographic Parameters for (1-2H")3([IM(CN)s]*"). 7 H,O (M = Fe, Co, Cr) and Their Dehydrated Forms, Recorded at

173 K
(1=2H");3 ([Cr(CN)el,) (1—2H")3([Fe(CN)g,) (1—2H")3([Co(CN)gl,)

formula [H.0], dehydrated [H.0l; dehydrated [H.0l; dehydrated
Mwt 1275.37 1149.26 1283.07 1156.96 1289.23 1163.12
Crystal system Monoclinic Monoclinic triclinic triclinic triclinic triclinic
Space group P2i/n P2/c Pl Pl Pl Pl
a (A) 7.1142(4) 7.2563(3) 7.0949(3) 7.2138(6) 7.0982(4) 7.2141(4)
b (é) 21.4319(13) 20.5934(9) 12.3765(5) 12.1706(11) 12.3509(7) 12.1497(8)
c (A) 20.9403(13) 21.5442(9) 17.9534(7) 17.3090(16) 17.8586(10) 17.2052
o (deg) 90 90 83.580(2) 84.987(2) 83.535(2) 84.582(4)
f (deg) 91.702(2) 106.777(3) 87.6101(10) 89.044(3) 87.4280(10) 88.960(4)
7 (deg) 90 90 83.9340(10) 83.821(2) 83.967(2) 84.052(4)
V (A% 3191.4(3) 3082.4(2) 1557.12(11) 1505.0(2) 1546.21(15) 1493.15(17)

Table 2. Short Crystallographic Parameters for (2-2H")3([M
173 K

(CN)g]*")2 8 H,O (M = Fe, Co, Cr) and Their Dehydrated Forms, Recorded at

(2—2H")s([Cr(CN)e}o)

(2—2H")s([Fe(CN)elo) (2—2H")5([Co(CN)gL.)

formula [H20lg dehydrated [H0ls dehydrated [H20lg dehydrated
Mwt 1389.39 1397.09 1252.96 1403.25 1259.12
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2\/n P2i/n P2i/n P2i/n P2i/n P2i/n
a (A) 7.1190(2) 7.2526(9) 7.0978(5) 7.2655(10) 7.1180(10) 7.2886(2)
b (A) 22.3250(6) 19.894(3) 22.2254(16) 19.6845(18) 22.252(4) 19.5917(5)
c (A 21.0110(6) 20.773(3) 20.6357(12) 20.427(3) 20.508(4) 20.3127(5)
a (deg) 90 90 90 90 90 90
B (deg) 92.8190(17) 93.909(4) 92.363(3) 93.837(7) 92.239(6) 93.611(2)
y (deg) 90 90 90 90 90 90
v (A%) 3335.27(16) 2990.2(7) 3252.5(4) 2914.9(7) 3245.8(10) 2894.81(13)

%ﬁ%‘?ﬁ%

bl

Figure 4. Portions, of the hydrated forms of isostructural crystals formed upon combining the tecton 1-2H* with [M(CN)s]*~ (M = Fe, Co) (a) and 2-2H"
with [M(CN)g]*~ (M = Fe, Co, Cr) (b) showing the filling of channels along the a axis. For sake of clarity, H atoms are omitted. Dashed lines represent
H-bonds. N atoms are differentiated by color (CN: pale blue, amidinium: dark blue). O atoms of H,O molecules are colored in green in the case of 2-2H*.

A) and finally H,O+++H,0 (do_o in the range of 2.70—3.02 A).
Concerning the organic part, among the six 2-2H' units
composing the cavity, four of them also interact with each other
through H-bonds of the type OH++*OH (do—o of ca 2.82 A). In
contrast with the case of 1-2H', among the eight solvent
molecules present in the cavity, six form discrete hexameric
units (Figure 4b).

3.2. Dehydration/Rehydration. To have a reference case, the
dehydration-hydration processes in the crystalline phase were
studied by X-ray diffraction methods both in the case of 1-2H*
(Figure 5a, Table 1) and 2-2H* (Figure 5b, Table 2). For both
types of crystals, the dehydration was induced thermally upon
heating the crystal to 180 °C (by 10 °C/mn steps) and the
resulting dehydrated sample was studied by XRD on single-
crystal. The homogeneity of the dehydrated phases was also
confirmed by PXRD investigations on different batches. Several
dehydration—rehydration cycles were performed and in all cases
the initial number of water molecules (7 for 1-2H* and 8 for
2-2H*) was observed by TGA analysis. In all cases, the
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dehydration—rehydration event takes place via single-crystal-
to-single-crystal (SCSCT) transformation. Both for dehydrated
crystals obtained with 1-2H" or with 2-2H™, the 2-D neutral
network structure is conserved. The connectivity between the
cationic and anionic tectons is ensured by dihapto modes of
H-bonding and electrostatic interactions. The organic tectons
1-2H" (dx.nc of ca 2.88—2.95 A, Ph tilted with NCCC dihedral
angle in the range of ca —47 and +42°) and 2-2H" (dy.xc of
ca 2.80—3.02 A, Ph tilted with NCCC dihedral angle in the
range of ca —45 and +49°) exhibit the same type of conforma-
tion as for the hydrated forms. For 1-2H" in the case of both
Co and Fe, as for the hydrated form, the crystalline system
(triclinic) and space group (P1) remain identical whereas for
dehydrated form obtained with Cr, the crystalline system
(monoclinic) remains the same but the space group (P2,/c) is
different from the one observed for its hydrated form (P2,/n)
(Tab. 1). The comparison of the hydrated and dehydrated
structures shows that a small decrease in the cell parameters
takes place upon removal of water molecules (ca —4.1% volume


http://pubs.acs.org/action/showImage?doi=10.1021/ja806916t&iName=master.img-004.jpg&w=332&h=113

Molecular Tectonics

ARTICLES

Figure 5. Portions along the a axis of the dehydrated forms of isostructural crystals formed upon combining the tecton 1-2H" with [M(CN)s]*~ (M = Fe,
Co) (a) and 2-2H" with [M(CN)s]** (M = Fe, Co, Cr) (b). In the case of 2-2H", 2 consecutive units are presented showing the formation of H-bonds
between consecutive layers. Dashed lines represent H-bonds. For sake of clarity, H atoms are omitted. N atoms are differentiated by color (nitrile: pale blue,

amidinium: dark blue).
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Figure 6. TGA curves obtained for (1-2H");[M(CN)¢*"1, (a) and (2-2H");[M(CN)s*"1, (b) (M = Fe in red, Co in blue and Cr in green) showing the release

of 7 and 8 H,O molecules for 1-2H" and 2-2H", respectively.

shrinkage). The channels occupy ca 11% of the total volume
of the crystal instead of ca 16% for the hydrated form.>

For 2-2H™ (Figure 5b) in all cases (Co, Fe, Cr), the same
crystalline system (monoclinic) and space group (P2,/n) are
obtained for both dehydrated and hydrated forms (Table 2).
However, in all three dehydrated forms (Co, Fe, Cr), for one of
the three 2-2H™ units present in the asymmetric unit, the C atom
bearing the OH group is disordered over two positions with an
occupancy of 0.5. In marked contrast with 1-2H™, the dehydra-
tion process causes a significant compression along the b axis
(—2.66 A, that is, —12%). The cell volume is decreased by ca
10.8% and consequently almost no empty space is available in
the channels, that is, 4% of the total volume of the crystal instead
of 12%.%° The shape of the cavity changes from deformed
hexagonal to more rectangular. In contrast with the hydrated
form for which H-bonds between OH groups are present within
the cavity of the 2-D networks, for the dehydrated form, these
interactions are absent. However, the dehydration process leads
to the formation of H-bonds of the OH+++OH and OH:+*NC
types between consecutive 2-D networks. Indeed, for each
rectangular shape unit, on each side, the OH groups pointing
toward the next layer are interconnected (dop.on in the range
of 2.79—2.88 A). Furthermore, among the 6 OH groups, 2 are
also H-bonded to the CN groups belonging to next layers (dopn-
Nc in the range of 2.81—2.85 1&). Thus, when taking into account
all H-bonding patterns, the overall structure may be described
as a 3-D network presenting rectangular type channels.

The cases reported here are rare examples of single-crystal-
to-single-crystal-transformations in hydrogen bonded net-
works,?’ specially for hybrid organic/inorganic type networks.'¢

(27) Fur, E. L.; Demers, E.; Marris, T.; Wuest, J. D inis. 2003,
2966-2967.

3.3. Thermal Behavior. As stated above, in comparison with
1-2H, the tecton 2-2H™ possesses two additional OH moieties
as H-bond donor/acceptor groups. As the result of the localiza-
tion of these two moieties on the tecton’s backbone, they are
oriented toward the interior of the channels as confirmed by
the structural study mentioned above (Figure 4). Thus, the
generated channels must offer an increased hydrophilicity
through the establishment of H-bonds with water molecules.
Consequently, with respect to 1-2H™, water molecules must be
more strongly retained in the channels formed in the presence
of 2-2H". This was indeed established by thermogravimetric
analysis (TGA) on all six hydrated crystals (X-
2H")3(IM(CN)6]* ™), yH,O (X =1 or 2, M = Fe, Co, Cr, y =
7 or 8) (Figure 6). Although the thermal behavior for both
dehydrated crystals obtained upon combining Fe and Cr based
complex anions with tectons 1 or 2 was similar (decomposition
at ca 240 °C), for the dehydrated material based on Co and 1
or 2, crystals were found to be stable up to 300 °C. The TGA
study on (1-2H")3([M(CN)¢]*7),*7H,0 (M = Fe, Co, Cr) in
the 25—180 °C temperature range clearly indicates that, under
the same conditions, independently of the nature of the central
metal cation, the three solids behave in the same manner, that
is, the 7 water molecules are evacuated at ca 100 °C (Figure
7a). Interestingly, under identical experimental conditions, in
the case of (2-2H");([M(CN)¢]*"),*8H,0 (M = Fe, Co, Cr),
the complete dehydration process (loss of 8 water molecules)
takes place at ca 140 °C (Figure 7b). This difference in
temperature (A7) of ca 40 °C reflects in part stronger interac-
tions between water molecules and the channels.

The dehydration event was also studied by Differential
Scanning Calorimetry (DSC) for both types of solids (under
Ny, 10 °C/minute). For the hydrated crystals composed of 1-2H"
and [M(CN)s]*~, (M = Fe, Co, Cr) and 7 H,0, the DSC study
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Figure 7. TGA (blue) and DSC (red) curves (10 °C/min) for (1-2H");[Co(CN)s*~1, 7 H,O (a), (2-2H")3[Fe(CN)¢* "1, 8 H,0 (b), [2-2H"5[Co(CN)6* "1, 8
H,0 (c) and for (2-2H")3[Co(CN)s> 1, 8 H,O with temperature steps of 2 °C/min (d), see text.

revealed an endothermic process at ca 95 °C corresponding to
the loss of water molecules. The second endothermic process
leading to the decomposition of the sample occurs at 240 °C
for both Fe and Cr and at 300 °C for Co (see Figure 7a for Fe)
respectively. Although unexpected, interestingly for (2-
2H")3([Fe(CN)e]*7),+8H,0, DSC investigation indicated the
presence of a phase transition occurring at ca 176 °C after the
dehydration and prior to decomposition (Figure 7b). This process
was found to be reversible. Indeed, starting at 25 °C, upon
increasing the temperature, a first endothermic peak centered
around ca 95 °C corresponding to the release of water molecules
is observed. Further increase of the temperature to 200 °C
(below the decomposition temperature) leads to the appearance
of another endothermic process at ca 176 °C. Upon cooling to
120 °C (above the dehydration temperature), an exothermic
process is observed at ca 170 °C. The surfaces under the two
opposite peaks are roughly identical indicating the reversibility
of the transition. Furthermore, upon reincreasing the temperature
to 380 °C, the same endothermic peak was observed prior to
decomposition. The same type of reversible process was also
observed for (2-2H™)3([Co(CN)g]*7),*8H,0 although at different
temperatures (Figure 7¢). Indeed in that case, under the same
conditions, upon heating the endothermic process occurs around
120 °C and the reverse transition takes place at ca 80 °C. Owing
to the overlap between the peaks corresponding to the dehydra-
tion and the one resulting from the transition, the same process
was studied at lower scan rate (2 °C/minute instead of 10 °C/
minute). The latter study confirmed the similarity between Co
and Fe (Figure 8d). However, under the same conditions, in
the case of Cr, no such transition was observed.

3.4. Phase Transition in the Dehydrated Form. To study the
dehydration/hydration process as well as the phase transition
observed by DSC, variable temperature PXRD measurements
were performed on both (2-2H™);([Fe(CN)g]*7),* 8H,0, and (2-
2H1)3([Co(CN)6]*7),*8H,O crystals. Starting at 20 °C, the
temperature was first increased to 200 °C and then decreased
to 20 °C (10 °C steps, 40 min delay). For each temperature, the
diffractogramm was recorded. The thermodiffractogramms for
the Fe clearly indicate that the solid remains crystalline
(Figure 9). Under these conditions, starting from the hydrated
form, the increase of temperature to ca 50 °C induced the
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Figure 8. PXRD thermodiffractogramms obtained upon increasing/
decreasing the temperature in the range of 20—200 °C for (2-
2H")3([Fe(CN)g]* "), 8H,0. For clarity, different phases are differentiated
by color (hydrated: red, first dehydrated: blue, second dehydrated: green).

dehydration process. This first dehydrated phase remained stable
up to ca 170 °C. At that temperature, a new set of peaks
corresponding to the second dehydrated phase was observed.
The latter remained unchanged up to ca 200 °C. Upon cooling
the sample, the reverse (appearance of the first dehydrated and
then the hydrated phases) was observed confirming the revers-
ibility of both hydration/dehydration processes and of the second
phase transition.

The DSC measurements (appearance of the second phase
transition at ca 180 °C) and the TGA trace (no loss of mass),
suggest that the transition between the two dehydrated phases
probably corresponds to the reorganization of the organic and
inorganic tectons in the crystalline phase. Since no such a
phenomenon was observed in the case of 1-2H", implies that
the OH groups pointing toward the interior of the channels are
responsible for the reorganization. As stated above, based on
X-ray structures of both hydrated and dehydrated forms, the
removal of water molecules induces a change in the size and
shape of the channels. Indeed, the initial distorted hexagonal
shape channels are transformed into more rectangular ones upon
dehydration. Based on the positions of peaks observed by the
variable temperature PXRD study, the second dehydrated phase
seems more similar to the hydrated form. This suggests that
the reorganization of the H-bond patterns leads to more
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hexagonal type channels. The same type of behavior was also
observed for (2-2H™)3([Co(CN)s]*"),+8 H,O crystals (see Figure
S1 in the Supporting Information).

4. Conclusion

In conclusion, we have demonstrated that combinations of
dicationic tectons 1-2H" and 2-2H" with [M(CN)s]*"» (M =
Fe, Co, Cr) complex anions lead to the formation of robust
neutral 2-D honeycomb type H-bonded networks presenting
deformed hexagonal type cavities. The parallel packing of the
2-D networks in the eclipsed fashion generates stable porous
crystals offering channels along the a axis. All six crystalline
materials are hydrated and the water molecules are localized
within the channels. All crystals are thermally robust and their
decomposition temperature is in the range of 240—300 °C
depending on the metal cation used. In all cases, the hydration/
dehydration process, structurally studied on both forms by
X-diffraction on single-crystals, is reversible and takes place
through single-crystal-to-single-crystal transformations. The
examples reported here represent rare cases of robust H-bonded
networks undergoing reversible dehydration processes. As
expected through the design of positively charged tectons 1-2H"
and 2-2H", the introduction of two OH groups as additional
H-bond donor/acceptor sites in 2-2H" interferes with the release
of water molecules with a AT of ca 40 °C between 1-2H*
lacking the OH moieties and 2-2H*. This proves the validity
of the design principle. Indeed, it is possible to control the
hydrophilic nature of the channels through the decoration of
the tecton’s backbone with appropriate auxiliary groups and thus
the interactions between water molecules and the interior of
the channels. Again, this aspect is rather unique and no such
process has been reported previously in the literature. For 1-2H™,
the thermal behavior for the dehydration process was similar
and independent of the nature of the metal center. However,

for 2-2H™, both in the case of Fe and Co, a reversible phase
transition corresponding to a slight reorganization of interactions
between positively charged tectons 2-2H* and [M(CN)g]*",
complex anions (presumably through H-bonds engaging the OH
groups) takes place after dehydration and prior to decomposition.
In summary, this investigation clearly demonstrates two crucial
features of crystal engineering: (i) through the design of
molecular tectons the possibility of generating modular thermally
robust porous H-bonded crystalline materials, (ii) the manipula-
tion of properties of the solid material at the level of tectons
leading to the control of the hydrophilicity of channels and
consequently the release and uptake of water molecules. Work
along the same lines, in particular with other types of organic
tectons are currently ongoing. Furthermore, the proton conduc-
tivity of the reported solids will be investigated.
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