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Chemical reactions in the crystalline organic solid state,
although uncommon, are well-established and involve cova-
lent bond formation between neighboring molecules as a
result of photochemical or thermal activation.[1–4] Carbon–
carbon bond forming dimerizations, oligomerizations, and
polymerizations involving alkene and alkyne moieties in
metal-containing crystals (salts and coordination compounds)
have also been studied for many years,[5] though in most cases
not in crystal-to-crystal transformations. By comparison,
reactions within crystals of organometallic or coordination
compounds in which metal–ligand bonds are formed or
broken are very limited, not only in number of reports but in
variety of reaction observed.[6–8] Most common are reactions
that involve loss of coordinated solvent in a porous transition-
metal coordination framework compound or solvent-mole-
cule re-coordination upon uptake by the evacuated frame-
work. Typically, a single metal–ligand bond is broken or
formed, and transport of the solvent (ligand) molecule in and
out of the crystal is relatively facile owing to the available
channels.[9] Thermal treatment of the crystal is often needed

for solvent removal. A much rarer example of a solid-state
metal–ligand bond cleavage reaction is the photolytic cleav-
age of a Mn�CO bond within a host–guest structure reported
by Fujita and co-workers.[10] Three examples of reversible
ligand coordination to transition-metal centers involving
sorption/desorption in nonporous crystals have been
reported. In one case, Pt�S bonds are formed and broken in
the reversible absorption of gas-phase SO2 molecules by a
platinum complex;[11] in another, a trinuclear iron complex
exchanges coordinated H2O with MeOH through cleavage
and formation of an Fe�O bond;[12] and most recently,
reversible loss of a weakly bound pyridine ligand from
square-pyramidal copper(II) complexes has been reported.[13]

However, all of these examples involve simple cleavage and
formation of an individual metal–ligand bond. In recent
studies by Rosseinsky and co-workers,[14] from our own
work[15,16] and in that of Orpen,[17] the complexity of reactions
has been expanded to include the reversible release and
uptake of small molecules, involving breaking and formation
of more than one covalent bond within crystalline coordina-
tion compounds. The present study involves a new class of
reactions within nonporous crystals of a coordination polymer
in which separate coordination bonds are formed and broken
in a ligand-substitution reaction at a silver(I) center.

Previously we have demonstrated the synthesis of coor-
dination network structures based upon silver carboxylate
dimer units linked through neutral diimine and diamine
ligands. The behavior of Ag+ ions in these structures has
similarities to the behavior of hydrogen ions in structures of
carboxylic acids,[18,19] such that the O�Ag�O coordination-
bond arrangement in the former mimics the more well-
established O�H···O hydrogen-bond arrangement in the
latter (Scheme 1). Herein, we extend this analogy a step
further, wherein the {Ag2(O2CR)2} dimer is expanded by
inclusion of an ethanol molecule that is inserted into one of
the Ag�O bonds of the dimer, analogous to the well-known
expanded carboxylic acid dimer motif in which water or
alcohol molecules are incorporated.[20]

Scheme 1. Analogy of a) the silver(I) carboxylate dimer and b) the
carboxylic acid dimer.
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More significantly, we have investigated the elimination of
ethanol molecules from this expanded dimer and their
subsequent extrusion from crystals of the coordination net-
work material [Ag4(tmp)3{O2C(CF2)3CF3}4(EtOH)2]n (1,
tmp= tetramethylpyrazine) to yield the ethanol-free network
[Ag4(tmp)3{O2C(CF2)3CF3}4]n (2). This reaction requires a
rearrangement of the coordination sphere of the metal center
in addition to substantial ligand motions. Surprisingly, the
long-range order of the crystal is not lost in the process, which
occurs as a single-crystal-to-single-crystal transformation. The
reverse process, monitored by X-ray powder diffraction,
provides further insight into this unusual solid-state reaction.

Compound 1 forms a 1D tape structure in which pairs of
tmp ligands link {Ag2(O2CR)2(EtOH)} units, which are
further connected into zigzag chains through links comprising
single tmp molecules (Figure 1).[21] An ethanol molecule is
coordinated to one of the two silver atoms of the aforemen-
tioned unit and forms an O�H···O hydrogen bond to one of
the two carboxylate ligands; it can be regarded as being
inserted into one of the Ag�O bonds of the silver(I)
carboxylate dimer (Figure 1c). Heating a single crystal of 1
at 320 K for approximately 48 h resulted in a single-crystal-to-
single-crystal transformation yielding compound 2,[22] in
which the overall 1D tape structure is maintained, but
extrusion of the EtOH molecules has led to conversion of
the {Ag2(O2CR)2(EtOH)} unit into the simple silver carbox-
ylate dimer {Ag2(O2CR)2}. In order for this transformation to
take place, cleavage of both covalent (Ag�O(H)Et) and
noncovalent (EtOH···Ocarboxylate) bonds as well as formation of
new covalent bonds (Ag�Ocarboxylate) is required. Thereby an
intramolecular ligand substitution has taken place at alternate
Ag centers, since ethanol coordination is replaced by bridging
carboxylate coordination (Figure 1).

To investigate the reversibility of this process, a freshly
prepared sample of 1 was air-dried for 10 min and then gently
ground using a pestle and mortar (powder A). One-third of
the microcrystalline sample was set aside, and the remainder

was heated in the oven at 313 K for 24 h to generate 2 by
ethanol loss (powder B). Half of the heated sample was then
exposed to vapors of EtOH by placing it in a small vial that
was enclosed within a larger sealed vial containing EtOH
(powder C). The three resultant powders were examined by
synchrotron X-ray powder diffraction (Figure 2).

It is evident from the powder pattern that the starting
sample (A) contains both 1 and the ethanol-free analogue 2,
the former as the major phase. This situation may have
resulted from both phases being formed in the original
synthesis but could also arise from conversion of 1 to 2 during
the brief air drying of the sample. Careful inspection revealed

Figure 2. Experimental X-ray powder diffraction pattern a) before heat-
ing to remove EtOH (powder A), b) after heating (powder B), and
c) after re-exposure to EtOH vapor (powder C). The intensities of the
peaks corresponding to 1 (red) and 2 (blue) clearly vary in accord with
the loss and uptake of EtOH, while those for compound 3 (green)
remain unchanged. The arrows indicate the transition between the
powders.

Figure 1. Single-crystal-to-single-crystal reaction involving loss of coordinated ethanol. a) Crystal structure of 1; b) single crystal of 1 prior to
heating; c) Ag2(O2CR)2(EtOH) motif showing how ethanol is inserted into one Ag�O bond of the silver carboxylate dimer; d) crystal structure of
2 ; e) single crystal of 2 after heating (same crystal as shown in (b)); f) Ag2(O2CR)2 dimer motif after elimination of ethanol. Silver atoms are
shown in black, fluorocarboxylate ligands in red, tetramethylpyrazine ligands in blue and ethanol ligands in green. Dashed lines represent
O�H···O hydrogen bonds.
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a third minor phase, whose pattern matches that for [Ag4-
(tmp)2{O2C(CF2)3CF3}4]n (3), a 2D network compound that is
related to 2 but of different stoichiometry.[23] Clearly com-
pound 3 cannot take up ethanol molecules, as shown by its
invariant diffraction intensities during the exposure of the
powder to vapors of EtOH.[24] Thus, compound 3 serves as an
internal standard during the reaction.

Although the detailed mechanism for extrusion and
uptake of ethanol is at present unknown, some insight is
possible from comparison of the structure of 1 with that of 2.
It is firstly important to note that neither compound 1 nor 2 is
porous. Thus, no direct channels for ethanol transport are
present. Figure 3 shows pairs of neighboring tapes in the two
structures and highlights the resultant movement of the
fluorocarboxylate groups upon loss of ethanol. In 1 all
{Ag2(O2CR)2(EtOH)} units are equivalent, whereas in 2 the
repeat unit along the tape involves three consecutive {Ag2-
(O2CR)2} units, leading to a tripling of the unit cell volume.[25]

All fluoroalkyl chains adopt an entirely anti geometry in 1,
whereas in 2 one carboxylate ligand from each {Ag2(O2CR)2}
dimer retains the all-anti geometry while the other adopts a
gauche conformation about the Cg

�Cd bond (i.e. anti–gauche–
anti overall). Interestingly, the ligands whose carboxylate
groups undergo motion to convert from chelating one silver
center to bridging a pair of silver centers retain the all-anti
chain geometry (Figure 3, green circles). It seems probable

that ethanol transport in and out of the crystal occurs in a
direction orthogonal to the views shown, which corresponds
to the a axis in the crystal structure of 1. In 1, fluorine atoms
(shown as spheres in Figure 3) on the Cg and Cd carbon atoms
of these fluoroalkyl chains provide a barrier to the suggested
transport of ethanol molecules along the a axis. To permit
ethanol transport, these chains would have to move apart
before moving closer together to adopt the positions seen in 2
(Figure 3, green circles), in which they reside in the space
formerly occupied by the ethanol molecules. The relocation of
these chains necessarily leaves space within the fluoroalkyl
regions that separate the {Ag4(tmp)3(O2C)4}n tapes. This space
is filled through a change of conformation of all remaining
fluoroalkyl chains from all-anti conformation to an anti–
gauche–anti conformation. Three independent (pairs of)
chains undergo this conformational change (see yellow,
pink, and red ellipses in Figure 3). The reverse of these
transformations would then be required to re-admit the
ethanol, concluding in insertion of the ethanol molecules into
one Ag�O bond in each {Ag2(O2CR)2} unit of 2 to permit
conversion to 1 and re-formation of the {Ag2(O2CR)2(EtOH)}
units. The fluoroalkyl chains can be viewed as flexible barriers
to ethanol transport within the crystals,[26] perhaps more
analogous to a series of curtains rather than doors.

Reversible reactions in molecular crystals in which metal–
ligand coordination bonds are formed or broken are rare,
particularly for cases in which crystallinity is retained.
Sorption of guest molecules from the vapor phase by non-
porous crystals is also rare. The present study describes a
coordination polymer that remarkably exhibits both of these
unusual traits. The key to its behavior is flexibility. Flexibility
in the Ag coordination sphere[27] and relatively weak Ag�O
bonds allow facile insertion and elimination of ethanol.
Flexibility in the fluoroalkyl chain conformation allows
transport of ethanol molecules in and out of these nonporous
crystals. These behaviors and the extension of such mecha-
nisms for sorption and desorption in a wider range of
crystalline materials are currently under investigation.
Improving our understanding of, at present, unusual process-
es such as these has the potential to provide new opportu-
nities in the development of functional crystalline materials
for sorption, sensing, and solid-state reactions.

Experimental Section
Crystal syntheses: All starting materials were purchased from
Aldrich, Lancaster, Avocado, or Fluorochem and used as received.
Light was excluded from all reactions as a precaution to minimize
decomposition to form silver metal. Compound 1 was prepared in
38% yield by layering an ethanol solution of Ag2CO3 and nona-
fluoropentanoic acid onto a dichloromethane solution of tetrame-
thylpyrazine at a temperature of approximately 5 8C. Colorless
crystals suitable for single crystal diffraction were formed after one
day. Compound 2 was prepared in a single-crystal-to-single-crystal
transformation upon heating 1 at 320 K for 48 h. Single crystals of
compound 3 were formed as a minor product in the synthesis of 1.

X-ray crystallography: Single crystal X-ray data were collected at
250 K for compound 1, 120 K for compound 2, and 100 K for 3 on
Bruker CCD diffractometers using MoKa radiation. In each case data
were corrected for absorption using empirical methods (SADABS)
based upon symmetry-equivalent reflections combined with measure-

Figure 3. Crystal structures of a) 1 and b) 2 shown in analogous views
depicting pairs of neighboring tapes and illustrating the different
conformations of the fluoroalkyl chains before and after the loss of
ethanol. Atom colors as in Figure 1. Green circles show fluoroalkyl
chains close to ethanol molecules in 1 and the same chains after
ethanol loss in 2, all of which retain an all-anti conformation. Yellow,
pink, and red ellipses show fluoroalkyl chains that adopt an all-anti
conformation in 1 but which change to an anti–gauche–anti conforma-
tion in 2.
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ments at different azimuthal angles.[28] Crystal structures were solved
and refined against all F2 values using the SHELXTL suite of
programs.[29] Non-hydrogen atoms were refined anisotropically
(except as noted), and hydrogen atoms were placed in calculated
positions refined using idealized geometries (riding model) and
assigned fixed isotropic displacement parameters. Disorder in some
fluoroalkyl chains was modeled for the structures of 1 and 2. In 1, one
fluoroalkyl chain was modeled in two orientations in a
60.1(11):39.9(11) ratio for both the b- and g-CF2 groups. In 2, one
fluoroalkyl chain was modeled in two orientations in a
60.5(17):39.5(17) ratio for both the b- and g-CF2 groups. Carbon
and fluorine atoms in some chains could only be modeled isotropi-
cally for 2. For the single-crystal-to-single-crystal reaction, X-ray data
were first collected on a crystal of 1 (250 K). The crystal was then
heated to 320 K for 48 h, enabling conversion to 2, and finally cooled
to 120 K prior to collection of a new data set on the same crystal (now
compound 2). Crystallographic data are summarized in tabulated
form in the Supporting Information. CCDC 654182 (1), 654183 (2),
and 654184 (3) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif

X-ray powder diffraction: The polycrystalline samples A, B, and
C, prepared as described in the main text, were loaded into 1.0-mm
glass capillaries. X-ray powder diffraction data were collected at
100 K on beam line ID31[30] at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France using wavelength l =
0.93369(3) I. Full details are provided in the Supporting Information.
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