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Abstract: Three new coordination polymers, [CoCl.(4-pmna)2], (1), {[COo(NCS)2(4-pmna),]-2Me,CO}, (2
> 2Me,CO), and {[Co(4-pmna),(H20),](NO3),2CH30H}, (3 © 2H,0-2MeOH) (4-pmna = N-(pyridin-4-
ylmethyl)nicotinamide), have been synthesized and characterized using single-crystal X-ray diffraction. The
cobalt(ll) atoms are bridged by 4-pmna ligands in all three compounds to form double-stranded
one-dimensional “repeated rhomboid-type” chains with rectangular-shaped cavities. In 1, each chain slips
and obstructs the neighboring cavities so that there are no guest-incorporated pores. Both 2 > 2Me,CO
and 3 D 2H,0-2MeOH do not have such a staggered arrangement and have pores that can be filled with
a guest molecule. Compound 3 D 2H,0-2MeOH traps guest molecules with multiple hydrogen bonds and
shows a reversible structural rearrangement during adsorption and desorption. The new crystalline
compound, 3, is stabilized by forming hydrogen bonds with the amide moieties of the 4-pmna ligands and
was characterized using infrared spectroscopy. The clathration enthalpy of the reaction 3 + 2H,O(l) +
2MeOH(l) = 3 D 2H,0-2MeOH (~35 kJ/mol) was estimated from differential scanning calorimetry data by
considering the vaporization enthalpies of H,O and MeOH. The desorption process of 3 > 2H,0-2MeOH
— 3 follows a single zero-order reaction mechanism under isothermal conditions. The activation energy of
ca. 100 kJ/mol was obtained by plotting the logarithm of the reaction time for the same reacted fraction
versus the reciprocal of the temperature. Moreover, the distribution of the one-dimensional channels in 3
> 2H,0-2MeOH was estimated using the observation that the reaction rate is directly proportional to the
total sectional area.

Introduction During the last few decades, a large number of coordination
olymers have been designed and synthesized successfully
hrough the combination of organic ligands (spacers) and metal

ions (nodesy. Since one of the main functional goals of

coordination polymer research has been to obtain a stable porous
framework, rigid three-dimensional coordination polymers have

resulted from the formation of stiff bridging ligandsiowever,

Soft porous materials, whose pore sizes and shapes ar
deformed with guest molecule adsorption and desorption, are:
now recognized as a new class of functional materials. These
materials have already been studied as organic z€bkted
mononuclear complexésas well as coordination polymets®
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recently, several soft porous coordination polymers have beenmechanisms clearer and provide detailed information. Neverthe-
found that exhibit framework transformation on the adsorption less, most published studies have focused on architectural design
or desorption of guest moleculés, which have been recognized and the construction of flexible porous coordination polymers,
as being “flexible porous coordination polymers.” while analysis of the mechanism of guest adsorption and
These flexible porous coordination polymers are regarded asdesorption has been largely overlooked.
being bistable frameworks whose state oscillates between two For such a Systematic Study, we have previous]y proposed
counterparts, as shown in eq 1, contrivances for flexible frameworRsby introducing hydrogen
. bonds that have flexible lengths and anéié&compared to

H+nG=H>nG, AHyp @) covalent and coordination bonds. The py-CONH-X-py ligands
. . . (where CONH= amide group and X spacer) are suitable for
Wh.ere' H is the apohost, G is a guest molecuriels the the rational introduction of hydrogen bonds, e.g{[[@Bo(NCS)-
stoichiometry of the accommodated guest molecule versus that(S-pia)z]-4Me2CO} 52 and{ [Co(NCS)(4-peia)]-4Me;CO} 5

of the apohost, andHar is the enthalpy of clathration. In —here 3.pia= N-3-pyridylisonicotinamide and 4-peia N-(2-
other words, flexible porous coordination polymers have dif- pyridin-4-yl-ethyl)-isonicotinamide), which show a reversible

fe.n;z]nt framefworks: thke ;\T;(ap%hfcl)st).tjnd the HinG” (OT.OS'[. adsorption and desorption of M@0 molecules along with a
Wltl guest) ramevygr Al (l)ug e>;|f © [)tprouls cotor.|r|1at|on hframework transformation, in which the amide moiety forms
polymers can provide new classes of functional materials, such;, qitterent types of hydrogen bonds.

th ith highl lecti t détiéhand
as fhose wi IgnYy seleclive guest accommo " Based on this background, we show the synthesis and

those with magnetic modulatidna deeper understanding of . o
g 2 P g structures of novel repeated rhomboid-type coordination poly-

these materials is required. In particular, the guest adsorption
and desorption mechanism is much more complicated than thatMe"s: [CoCi(4-pmnaj]s (1), {[CO(NCSK(4-pmnaj]-2Me;CO}

observed in conventional rigid porous materials. (2 > 2MeCO), and{[Co(4-pm'na)(H20)2](N03)2-2CH30!-|}n

The analysis of the adsorption and desorption of rigid porous (3 5 2H;0-2MeOH), by selecting the py-CONH-X-py ligand
coordination polymers is similar to that used for zeolites. to be 4-pmnal-(pyridin-4-ylmethylnicotinamide) and regulat-
However, flexible porous coordination polymers offer unique ing each network motif with hydrogen bonds between the amide

observational data, such as their gate-pressure and a Iargénmetles.and the anions. In particular, 2H20.-2MeOH. show_s
hysteresis loof¢ The kinetic and thermodynamic approaches a reversible structural rearrangement, which was investigated

to flexible porous coordination polymers make analysis of these n detail using kln_etlc a_nd thermodynamic a_nalys!s, shedding
light on the relationship between the particle size and the

(4) Recent flexible porous coordination polymers: (a) Makinen, S. K.; Melcer, desorption kinetics.
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R.; Kitagawa, SAngew. Chem., Int. EQ2004 43, 3269-3272. (g) Lee, and Co(NQ)»6H,O were obtained from Wako Co. Co(SCNyas

E. Y.; Suh, M. PAngew. Chem., Int. EQ004 43, 2798-2801. (h) Choi, i 1 i

H. 3. Suh, M. PJ. Am. Chem. 508004 126 15844 15851 () Zeng, ~ oOptained from Aldrich Chemical Co. . _
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Kondo, M.; Irie, Y.; Shimizu, Y.; Miyazawa, M.; Kawaguchi, H.; ; ; ; i nAting ;
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Kitagawa, S.; Fukui, K.; Saito, KI. Am. Chem. So2004 126, 3817
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Chem. Re. 2001, 222, 155-192. (f) Zaworotko, M. JChem. Commun. . -
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Kobayashi, T. C.; Sakamoto, H.; Chiba, T.; Takata, M.; Kawazoe, Y.; Mita, crystals of 1 suitable for X-ray diffraction (XRD) were obtained

@ \(fé)“\‘(i;;{]‘i?g?ﬁ,,fg}fjggﬂ}l:; Ockwig, N. W.: Chae, H. K.. Eddaoudi,  (Vield: 86%). Anal. Calcd for for @Hz,CL.CON:Oz: C, 51.82; H, 3.99;

M:; Kim, J. Nature 2003 423 705-714. (b) Kitagawa, S.; Kitaura, R.; N, 15.11. Found: C, 51.63; H, 4.00; N, 15.20.

Noro, S.-i. Angew. Chem., Int. EQR004 43, 2334-2375. (c) Ferey, G.; R
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J. AM. CHEM. SOC. = VOL. 128, NO. 50, 2006 16123



ARTICLES Uemura et al.

Table 1. Crystal Data and Structure Refinement of [CoClz(4-pmna)2], (1), {[Co(NCS).(4-pmna);]-2Me,CO} , (2 > 2Me,CO), and
{[Co(4-pmna)>(H20)2](NO3)22CH30H} , (3 D 2H,0-2MeOH)

compd 1 2 D 2Me,CO 3 D 2H,0-2MeOH
chemical formula G4H22C|2CON602 C32H22CONgO4SQ CzestCONgOlz
formula weight 556.32 705.63 703.49
crystal system triclinic monoclinic triclinic
space group P1 P2/n P1
T(K) 293 293 213
unit cell dims
a(A) 7.899(7) 11.371(2) 8.0720(7)
b (A) 8.782(7) 10.063(1) 9.760(1)
c(®) 8.980(8) 15.5356(4) 11.260(1)
o (deg) 84.70(2) 90 107.235(5)
p (deg) 81.32(2) 104.6391(7) 104.600(6)
y (deg) 82.50(2) 90 101.293(3)
V (A3) 608.8(9) 1720.0(4) 784.0(1)
z 1 2 1
Dc (g cnrd) 1.517 1.362 1.490
u (Mo Ko)) (mm™1) 0.959 0.668 0.622
F(000) 285 722 363
26 range (deg) 5555.0 5.5-55.0 5.5-53.4
GOF 1.691 1.998 1.901
Ri,2WRL [I > 20(1)] 0.041, 0.181 0.064, 0.208 0.050, 0.172
R1,2WRP (all data) 0.041, 0.183 0.065, 0.225 0.051, 0.193

AR = Z[|Fo| — [Fell/Z|Fol. Ry = {ZW[(Fe? — FA/[(EWFHT} 2

ethanol/chloroform (v/v 19:1) was carefully layered onto an acetone/ K). The weight loss in the isothermal condition was monitored until

chloroform mixed (v/v 9:1) solution (1.5 mL) of Co(SCN(6.6 mg, the guest molecules were completely released. The fraction reacted in

0.038 mmol), and then an ethanol solution (1.5 mL) of 4-pmna (16 time (o) were calculated on the bases of the weight loss in time.

mg, 0.075 mmol) was carefully layered onto a ethanol/chloroform (v/iv Single-Crystal X-ray Analysis. Single crystals of, 2 5 2Me,CO,

19:1) layer. Red crystals a2 5 2Me.CO suitable for XRD were 543 - 5H,0.2MeOH were mounted on a glass fiber and coated with

obtained (yield: _ 88%). For elemental analysis these crystals were epoxy resin. For each compound, X-ray data collection was carried

collected and d.”ed n vac.uo at 37.3 K for 20 h. Ana!. Caled fo.r for out using a Rigaku Mercury diffractometer with graphite-monochro-

5256';22’\?01';8%52 C,51.91; H, 3.69; N, 18.63. Found: C, 51.18; H, 104 Mo Ky radiation ¢ =0.71069 A) and a CCD two-dimensional
- T detector. The sizes of the unit cells were determined from reflections

{[Co(4-pmna)(H20),](NO3)»2CH30H} , (3 D 2H,0-2MeOH). In collected on the setting angles of six frames by changiryy 0.5 for

order to obtain the single crystals, in a glass tube (5 mL, 10 mm i.d.) each frame. Two different settings were used. Intensity data were
a solvent of ethanol/chloroform (v/v 19:1) was carefully layered onto ) . . . .
collected with aw scan width of 0.5. Empirical absorption correction

a methanol/chloroform mixed (v/v 9:1) solution (1.5 mL) O.f Co(y using REQABA! was performed for all data. Crystal data and details
6H,0 (21.8 mg, 0.075 mmol), and then an ethanol solution (1.5 mL) o : .

of the structure determinations are summarized in Table 11Ftre
of 4-pmna (32 mg, 0.15 mmol) was carefully layered onto a ethanol/ ) .

structure was solved by a direct method using the SIR97 prdgram

chloroform (v/v 19:1) layer. Orange crystals 8f> 2H,O0-2MeOH . . hea h
suitable for XRD were obtained (yield: 21%). For elemental analysis and expanded using Fourier synthésisor2 5 2Me;CO, the structure

these crystals were collected and dried in vacuo at 373 K for 20 h, Was solved by a Patterson method using the SAPI91 progrand
Anal. Calcd for GaHa,CoNsOs: C, 47.30; H, 3.64; N, 18.39. Found: ~ exPanded using Fourier syntheSisFor 3 5 2H,0-2MeOH, the
C, 46.55; H, 4.02; N 18.25. The microcrystalline sampl8& of 2H,0- structure was solved by a direct method using the SIR92 prd§ram
2MeOH was prepared in the same solvent, and the crystallinity was @nd expanded using Fourier synthésighe final cycles of the full-
checked by X-ray powder diffraction as shown in Figure S1 (Supporting matrix least-squares refinements were based on all the observed
Information). reflections. All calculations were performed using the teXsan crystal-
Physical MeasurementsUltraviolet—visible reflection spectrawere ~ lographic software package of Molecular Structure Cérpor all
recorded on a Hitachi U-3500 spectrophotometer over the range 400 C€ompounds, the non-hydrogen atoms were refined anisotropically and
800 nm at room temperature. Infrared (IR) spectra were recorded on a@ll the hydrogen atoms were placed in ideal positions. In comp@und
Perkin-Elmer 2000 FT-IR spectrophotometer with samples prepared O 2MeCO, the disorder of the acetone molecule containing O(2) and
as a Nujol mull. Thermal gravimetry (TG) and differential thermal C(14)-C(16) was found at the final stage, and thus, its atom positions
analysis were carried out with a Rigaku Instrument TG8120 in a were isotropically refined under rigid conditions.
nitrogen flow (50 mL/min). Differential scanning calorimetry (DSC)
was carried out with a Rigaku Instrument TG8120 in a nitrogen flow (11) Jacobson, R. AREQABA Empirical Absorption CorrectipWersion 1.1-
(50 mL/min), and the heats of desorption were calibrated by melting 12) OA:;’t?Jlrgé?S; X{Jlgﬁtrlllgr 'atréc_tuég n?gﬁ?-il\AT_hga\é\‘/:%?gL%ndé, [X,Glriilgigzzo
high-purity indium, lead, and antimony. X-ray powder diffraction C,; Guagl’iarai, A, l\’/loli.terr.{i, A. G. G 5olidori, G.; épa.gn.él, R.Appl. ’
(XRPD) data were collected on a Rigaku RINT-2200 (Ultima) Crystallogr. 1999 32, 115-119.
diffractometer using Cu K radiation. Scanning electron microscopy ~ (13) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; deGelder,

. . . R.; Israel, R.; Smits, J. M. MThe DIRDIF-94 program systeriechnical
(SEM) was performed using a Hitachi S2500CX. Report of the Crystallography Laboratory; University of Nijmegen: The

inati ; ; ineti Netherlands, 1994.
K.metlc Expgrlmehts. The desorption klnetlc. mea;urements were (14) Hai-Fu, F.Structure Analysis Programs with Intelligent Contr&ligaku
carried out using Rigaku Instrument TG8120 in a nitrogen flow (50 Corp: Tokyo, 1991.

mL/min). The instrument kept the microvalance chamber in the (15) élton}ar%-AA; Bgrll’qla M. %hcimé;lliéjM.;tCllascalrggz,2'\4.;4%ié’clcovazzo, C;
. " ; : . uagliardi, A.; Polidori, GJ. Appl. Crystallogr. g .
isothermal condition, with sampl8@ © 2H,O0-2MeOH): 12.717 mg (16) teXsan Crystal Structure Analysis Packalf@lecular Structure Corp.: The
(308 K), 11.833 mg (313 K), 13.105 mg (318 K), and 9.560 mg (323 Woodlands, TX, 2000.
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Scheme 1 a)
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Results and Discussion

Design Principles. The 4-pmna ligand consists of two
structural parts: (1) pyridyl groups, which can coordinate to a
metal, and (2) an amide group, which can form hydrogen-
bonding interactions with nitrogen and carbonyl oxygen atoms.
Two pyridine groups (the carbonyl pyridine groug™ and the
methylene pyridine group\M)) were utilized, connected by the be
amide and methylene moieties. Because ofstheonjugation Figure 1. Crystal structure of [CoG{4-pmna]n (1). (&) ORTEP drawing
between the carbonyl pyridine group and the amide moiety of of 1 at the 30% probability level. Hydrogen atoms are omitted for clarity.
the 4-pmna ligand. two types of coordinated direction were (£) QYESL LS UL FebeR T UBe ere ool
eXpethed_' depending on tl’_\l@ plane rotation (SCheme 1): type thin and tyhickglines show the upper and lower cha?ngs, respectiveI),/.

I, which is an L-shaped ligand, and type Il, a zigzag-shaped

ligand. Type Il 4-pmna ligands act as straight bridging ligands, a) S8

such as in 4,/4bipyridine. On the other hand, for the L-shaped co2)

ligands such as in 2dipyridine!” and 3,4-bipyridine 18 several c‘g’}\ }'\r(s) Pom  cay 7«,3\)_ y
network motifs (one-dimensional, two-dimensional, or three- cmc)\q '\‘{icm} N @ oy N@ -\.,’,: I ﬂk:k
dimensional) can be expected with a combination of metals and . 'g\J)JC(?; N L NN ¥ \\}a
anions. @ Ay o

C ¢
Crystal Structure of [CoCl(4-pmna)], (1). Figure la
shows the coordination environment of the cobalt iod.ilThe
cobalt(Il) center is octahedrally coordinated to the four nitrogen
atoms of 4-pmna ligands in the equatorial plane, in which two
types of nitrogen donorg\® and NM, are coordinated to the
cobalt ion in atrans fashion. All of the Ce-N bond distances
are similar to each other: GaN(1) = 2.208(2) A and Ce
N(2) = 2.237(2) A. In addition, two Cl ions are coordinated
axially with a bond distance of GeCl(1) = 2.447(1) A. In1,
the 4-pmna ligands are L-shaped. The cobalt ions are linked by
4-pmna ligands to form a one-dimensional chain with a repeated
rhomboid motif. The amide planes are perpendicular to the
planes of the rhomboid-shaped cavities, and each repeatec
rhomboid-type chain is connected along the¥ c) direction
by hydrogen bonds between the amide moiety and thedl
(N—CI = 3.274(3) A) (Figure 1b). The nearest €60 distance
is about 12.0 A in the chain and 7.9 A between the adjacent
chains.
{[CO(NCS)(4-pmna)]-2Me,CO}, (2 D 2Me,CO). Figure b
2a shows the coordination environment of the cobalt io in  Figure 2. Crystal structure of [Co(NCS)(4-pmna}]-2Me,CC}n (2 D

> 2Me,CO. The cobalt(ll) center is octahedrally coordinated 2M€2CO). (@) ORTEP drawing o2 5 2Me,CO at the 30% probability
level. Hydrogen atoms and acetone molecules are omitted for clarity.

to the six nitrogen atoms of the 4-pmna ligands and the two (5) overall structure of2 > 2Me,CO. Three repeated rhomboid-type
NCS groups. In the equatorial plane, thé andN™ atoms of chains are connected by-8IN hydrogen bonds and included acetone
molecules.

(1) 52 556 338, (b) Tong, W-L.. Chen: X. M- Y. B. H: N S wihorg,
: . ong, M. L.; Chen, X. M.; Ye, B. H.; Ng, S. Whorg. . i i ionti
Chem.1998 37, 5278 5281, the 4 pmna ligands are coordmgted to the cobglt]ontrrauas
(18) (a) Fun, H. K.; Raj, S. S. S.; Xiong, R. G.: Zuo, J. L.; Yu, Z.; zhu, X. L.;  fashion. All of the Ce-N bond distances are similar to each
You, X. Z.J. Chem. Soc., Dalton Tran$999 1711-1712. (b) LaDuca, . — —
R. L., Jr.: Desiak, M.. RarigJr, R. S.; Zubieta,idorg. Chim. Acta2002 other: Co-N(1) = 2.218(3) Aand CeN(2) = 2.203(3) A.ln
332 79-86. addition, the NCS groups are coordinated axially in a bent
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fashion at an angle of 165.0¢2)Co(1)-N(4)-C(13)). Thetrans
N—Co—N bond angles for the NCS and pyridine ligands are
18C°. Thecis N—Co—N bond angles are in the range-893°,
implying a distorted octahedral environment. The cobalt ions
are linked by L-shaped 4-pmna ligands to form a one-
dimensional chain with a repeated rhomboid motif in a similar

a)
CE@ c12) &
M({3} (1) 4
C{10) Liy,\ [+ ’ \l',\lh--\e\

| Ci1) ﬁC(1J ||J 3;%

bt N
Nmf\ Pl AN f‘ m?}

7o) : —

N

manner to compound. Each repeated rhomboid chain is ~

connected by a hydrogen bond between the amide moiety and
the sulfur atom of the NCS group (\& = 3.361(2) A) (Figure

2b). In the repeated rhomboid chain, two L-shaped 4-pmna
ligands form cavities with a cross-sectional area of 8.2.7
A219 which is occupied by acetone molecules. Within each
chain, the acetone molecules are accommodated without any
significant interaction occurring with any atom. The volume
fraction occupied by the solvent molecules was estimated to be
30% of the total crystal volum®. The nearest CeCo bond
distance is about 11.4 A in the chain and 9.8 A between adjacent
chains.

{[Co(4-pmna)(H20)2](NO3)>2CHzOH} (3 D 2H0-
2MeOH). Figure 3a shows a coordination environment of the
cobalt ion in3 > 2H,0-2MeOH. The cobalt(ll) center is
octahedrally coordinated to the four nitrogen atoms of the
4-pmna ligands in the equatorial plane, in which tfe and
NM are coordinated to the cobalt ion irtrans fashion. All of
the Co-N bond distances are similar to each other:—Clf1)
=2.187(2) A and CoN(2) = 2.203(2) A. In addition, the bO
molecules are coordinated axially with a bond distance of 2.082-
(2) A. The cobalt ions are linked by the 4-pmna ligands to form
a one-dimensional chain with a repeated rhomboid motif, similar
to that observed in compoundsnd2 > 2Me,CO. Each chain
is connected by hydrogen bonds nitrate anions, as shown
in Figure 3c. In the repeated rhomboid chain, the two L-shaped
4-pmna ligands form a cavity with a cross-sectional area of 3.6
x 3.0 A2, which is occupied by methanol molecules. The &N
methanol molecules are hydrogen bonded to the oxygen atoms
of the amide moieties (O(MeOH)O(1) = 2.724(3) A) and to
coordinated HO molecules (O(MeOH}O(2) = 2.694(3) A).
The volume fraction occupied by the solvent molecules was 2H,0-2MeOH). (@) ORTEP drawing o8 > 2H,0-2MeOH at the 30%
estimated to be 16% of the total crystal volufi@he nearest  propability level. Hydrogen atoms, nitrate anions, and methanol molecules

Co—Co distance was about 11.4 A in the chain and 8.1 A are omitted for clarity. (b) Overall structure & > 2H,0-2MeOH. A
between adjacent chains. repeated rhomboid-type chain 8f> 2H,0-2MeOH including methanol
. molecules with hydrogen bonds. (c) Overall structur8 of 2H,0-2MeOH

The crystal structures of all three compounds comprise a ajong thea-axis. Three repeated rhomboid-type chains are connected by
“repeated rhomboid-type chain” mofif21.22 Their similar O(H,0)—NO3;—N(amide) hydrogen bonds.
crystal structures originate in the similar torsion angles between
the carbonyl pyridine, the methylene pyridine, and the amide
plane in compound$—3.

b)

Figure 3. Crystal structure of [Co(4-pmna)(H20),](NO3)»2CH;OH} ,, (3

In all three compounds, the Co(ll) metal centers adopt an
octahedral geometry and coordinate with the 4-pmna ligands
in a ratio of 1:2 to afford the rhomboid-shaped cavities
surrounded by pyridine panels having dimensions of about 8.0
x 6.5 A2 Despite the similarity of the motif comprising the
network, the mutual relationships between the chains are
different in compoundsl—3 (Scheme 2). The face-to-face
stacking produces a channel for guest molecule incorporation,
as observed i3 O 2H,0-2MeOH.

The introduction of hydrogen bonds into the coordination
polymers provides a framework flexibilifi,and a py-amide-
py type ligand is suitable for the rational introduction of
hydrogen bonds. Since metal ions prefer the pyridyl group (py)
relative to the amide group, the py groups at both ends are used
for the formation of the framework backbone, and the amide
groups serve as the connectors between each network motif.

(19) The size is measured by considering van der Waals radii for constituting
atoms. Hereafter, all the size estimations of pore are made in this way.
(20) Speck, A. L. PLATON, A. M. C. T. Utrecht University, Utrecht, The
Netherlands, 1999.
(21) (a) Fujita, M.; Kwon, Y. J.; Miyazawa, M.; Ogura, K. Chem. Soc., Chem.
Communl1994 1977-1978. (b) Kasai, K.; Aoyagi, M.; Fujita, Ml. Am.
Chem. Soc200Q 122 2140-2141. (c) Sharma, C. V. K,; Diaz, R. J,;
Hessheimer, A. J.; Clearfield, Zryst. Eng200Q 3, 201—208. (d) Kondo,
M.; Shimamura, M.; Noro, S. i.; Kimura, Y.; Uemura, K.; KitagawaJS.
Solid State Chen00Q 152, 113-119. (e) Zaman, M. B.; Udachin, K;
Ripmeester, J. A.; Smith, M. D.; Loye, H.-C. lnorg. Chem.2005 44,
5047-5059.
According to our previous category about “metallo-amino acid” regarded
NH-py-M-py-CO unit as “amino acid fragment”, compounds-3 are
symbolized as C[CHp?, nP)] (see ref 3b). In the case of Cand other
py-CONH-X-py ligandsN-3-pyridylisonicotinamide (3-pia)\-3-pyridylni-
cotinamide (3-pna), andll-(2-pyridin-4-ylethyl)isonicotinamide (4-peia),
the symbols are L[CnP, p%)], L[Co"(mP, mP)], and L[Cd'(p? p?],
respectively (ref 5). Interestingly, the control of,(d) induce the different
overall structure (in this case C (chain)).

(22)
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IR spectra (left) and XRPD patterns (right) of (a) as-synthes&ed2H,0-2MeOH, (b) 3 obtained by drying in vacuo for 20 h at 373 K, and

(c) 3 o 2H,0-2MeOH obtained by exposing to methanol/HO vapor (v/v 1:1) for 4 days.

Scheme 2
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Two types of hydrogen bonds were observed in the coordination agreement with that calculated from the single-crystal data of
polymers: one was used to bond to the guest molecule, and3 > 2H,0-2MeQOH.?*

the other was hydrogen bonding within the framework backbone.

IR spectroscopy also provides information on the crystal

Hereafter, based on this new system, we will demonstrate agicrure of3. The O-H stretching band of the solvent, the
reversible structural change corresponding to the guest moleculey_y stretching band of the amide moieties, and the amide-I

adsorption and desorption.

Reversible Structural Changes Induced by Guest Molecule
Desorption and Adsorption. The removal of guest molecules
causes a significant change in the framework3ab 2H,0-
2MeOH. Compound3 was obtained by treatin§ > 2H,0-
2MeOH under reduced pressure at 1023 The formation of
3 was readily detected using X-ray powder diffraction (XRPD)
and IR spectroscopy. The sharp diffraction pattern 3of
demonstrates the formation of a new crystalline form, whose
structure was different from that 8f> 2H,0-2MeOH (Figure
4b, right panel). Upon exposure to methanelHvapor (v/v
1:1), the original crystal structure was recovered, as confirmed
by the coincidence of the peak positions and relative intensities.
Note that the diffraction pattern shown in Figure 4c is in good

(23) Two methanol and two coordinated® molecules are desorbed, which is
monitored by the elementary analysis and TG, as discussed in the next
paragraph.

and amide-ll bands appear in the 36200, 3506-3100, and
1700-1500 cnt? regions, respectivel? The amide moieties
in 3 > 2H,0-2MeOH provide structured bands, as shown in
Figure 4a: O-H stretching, N-H stretching, and amide-1 and

(24) As shown in Figures S2 and S3 (Supporting Information), XRPD and TG
measurements f@& > 2Me,CO were also carried out. At room temperature,
as prepare@ > 2Me,CO immediately decomposed to be amorphous form.
Two major reasons for such instability could be considered: (i) the mutual
relationship among the chains2D 2Me,CO is not face-to-face stacking
without straight one-dimensional channel, and (ii) guest molecules-(Me
CO) without significant interactions to the framework are easy to release
from the cavities. Unfortunately, such a compound is not suitable for our
mentioned thermal approach (in the next paragraph in the text) due to the
difficulties in strict measurements.

(25) (a) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordina-
tion Compounds5th ed.; Wiley: New York, 1997. (b) Bellamy, L. J.
Advances in Infrared Group Frequenciedlethuen: London, 1968. (c)
Ghadiri, M. R.; Granja, J. R.; Milligan, R. A.; McRee, D. E.; Khazanovich,
N. Nature1993 366, 324-327. (d) Haris, P. I.; Chapman, Biopolymers
1995 37, 251-263. (e) Hartgerink, J. D.; Granja, J. R.; Milligan, R. A.;
Ghadiri, M. R.J. Am. Chem. S0d.996 118 43-50.
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Figure 5. (a) TG analysis o8 D> 2H,0-2MeOH over the temperature range from 25 to 5@in a nitrogen flow (50 mL/min), (b) simultaneously XRPD
and DSC measurements ®5 2H,0-2MeOH over the temperature range from 28.1 to 35@0at a heating rate ¢f = 1 °C/min in a nitrogen flow (50

mL/min), and (c) TG and DSC thermograms®b 2H,0-2MeOH over the temperature range from 30 to I'@at a heating rate ¢ = 5 °C/min in a
nitrogen flow (50 mL/min).

Scheme 3
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amide-Il bands were observed at 3404, 3322, 1660, and 1545 Thermal Gravimetry, Differential Thermal Analysis, and
cm™1, respectively. The following bands were observedin Energetics. Figure 5a shows the thermogram & 2H,0-
N—H stretching vibrations at 3304 and 3242 ¢iythe amide-| 2MeOH in the temperature range 3800°C for a heating rate
band at 1662 cmt, and the amide-Il band at 1564 cf The B = 5 °C/min. In the temperature range of 500 °C, the
IR data indicate the formation of strong hydrogen bonds by the thermogram of3 > 2H,0-2MeOH showed a mass loss
4-pmna ligands, since the stretching and bending modes werecorresponding to two methanol and two coordinategOH
shifted to lower and higher frequencies, respectively. molecules (observed= 15.0%, calculated= 14.1%). The
The IR data from the NO stretching band of the NO ions resulting adduct3, was stable up to 17GC, where it apparently
also provide information on the environment of these ions melted (Endothermal peak B) and then gradually decomposed
in 3.2% In the desorption process, the 4D stretching to form an amorphous phase with the loss of the 4-pmna ligands,
band changed from 13163 (> 2H,0-2MeOH) to 1292 as shown in the XRPD data wiih = 1 °C/min (Figure 5b).
cm™! (3), indicating that the N@ anions were coordinated The DSC curve 08 O 2H,0-2MeOH also indicates that the
to the cobalt(ll) atoms instead of the,® molecules (Scheme  guest molecule was lost in a single endothermic step (Figure
3). The N-O stretching band also demonstrates structural 5c, peak A), with an enthalpy changeH, = —198 kJ/mol.
regeneration, because all the main bands in the regenerated his was followed by the emergence of peak B, an endotherm
structure were similar to those of the original> 2H,0- with AHg = —40 kJ/mol, without any associated weight loss.
2MeOH. Considering the data collected from the XRPD, IR, TG, and
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Figure 6. SEM images of as-synthesiz&l> 2H,0-2MeOH. The left (a) 1t (b)
image is expanded corresponding to the dashed square in the right image 0 . . ) . L . \ .
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DSC experiments, the adsorption and desorption processes 0 t/min tity,

3 D 2H,0-2MeOH are as shown in eq 2 )
Figure 7. (a) Plots ofa vst for the process of3 5 2H,0-2MeOH — 3"

at 308, 313, 318, and 323 K in a nitrogen flow (50 mL/min). (b) Plots
3D 2H,0-2MeOH(s) = 3(s) + 2H,0(g) + 2MeCOH against the reduced rime.

(9), AH, (2)

where the reaction shown in eq 2 involves an enthalpy change, 407

AHa. The main contributions taHa are from the vaporization 45 -
enthalpies of HO (43.99 kJ/mol) and methanol (37.43 kJ/n¥8l).

It was considered that the excess enthalpy3% kJ/mol)
corresponded tAHgan This magnitude is similar to that
previously estimated in other systems, e.g., 31 and 25 kJ/mol
for { [Co(NCS)(3-pia)]-4Me,CO} 1> and{ [Co(NCS)(4-peia))]- 60
4Me,CO} 5P respectively?’

Desorption Kinetics and Deduction of the Particle Size. 6.5
The reaction kinetics in the solid state are influenced by the T T T T T T
basic reaction mechanism and also by other factors, such as 305 310 315 320 325 3.30 x10°
the particle size distributioff Figure 6 shows SEM images of T K1
microcrystals o8 D 2H,0-2MeOH. Since these microcrystals  Figure 8. Arrenius plot (Ink®P vs T-1) for desorption process @& >
were stacked in a random fashion, it was impossible to estimate2H20-2MeOH in the isothermal condition (308, 313, 318, and 323 K),
the crystal size distribution using SEM. However, it was possible ‘é"{‘g”;';agps‘,’;éuis ggpﬁﬁ%e‘l"f“’ 7.58, and 17.1°AMin™) at 308, 313,
to deduce the particle size distribution from the kinetic data. ' ' '

The kinetic data at different t(_amperatures are _shown in Figure proportional to the total sectional area (normal to the channel)
7a, whereo. denotes the fraction reacted at a time available at time

The adsorption and desorption of a guest molecules proceeds The above analysis assumes that the reaction process is

S!ong a gll\.{(en fdtlrr]ectlon becau;]e o;HtigezatrlécI:ur{a}L ON€- yescribed by a single reaction mechanism. This assumption can
imensionaiity ot IN€ nanopores B - =Mz eon. the be verified by comparing the kinetic data at different temper-
adsorption and desorption reactlo_nS ongm_ate from the_ Surfaceatures. If two mechanisms act simultaneously, then the reaction
?nqt pdroceeg alpng thethch_ar;nefl, |rr?_sp_(;.-cct;ve tha”Y dlfflIstign- will show a different temperature dependence because of the
Imited mechanism or the intertace-imited mechanism. € different activation energies for each mechanism. In contrast,

tshhaEg Otf the C?St?l IS |nf|n|tely I?ngt 3'099 t:;]e cklljannetl_, thendif the assumption is valid, then the data can be reduced to a
€ Kinetic constant remains constant during the absorption an single curve by normalizing at a given time (such/a®, where

desgrption_ reagtions; however, the real system cpnsists o_f many s the time when the reacted fraction tis= 1/2). Such a
particles with dlffere_nt channel lengths. Each pamclg contrlbutgs plot is shown in Figure 7b. The observed coincidence is
to th_e reacted fraction from the common contrlbutlor_l per unit acceptable and indicates that a single mechanism occurs during
sectional area of the channel only, before the reaction covers,, . desorption o8 > 2H,0-2MeOH — 3.

the particle. Thus, the appropriate defined reaction rate is directly

-5.0 -

In k3PP

-5.5 —

Since the uniqueness of the reaction mechanism has been
established, the activation energy for the reac8op 2H,0-

(26) Weast, R. C.; Astle, M. J.; Beyer, W. BRC Handbook of Chemistry and

@) FéhVISiCS 8t0tg_ ed; CRCt Pdretsrf:tBtohca Rlator:j, t1999. hase transformati 2MeOH — 3 can be obtained by plotting the logarithm of the
arlier studies reporte al € Cclosed-lo-open phase transtormation .. . .

enthalpies of the hosi\Hien) are 1.31(5) and 3.5(1) kJ/mol fir[CuL] time at the same reacted fraction .versus the reuprocal of .the
(L =t,{CEC%CHCO(E%%*EEOCH;}Q::’ an:iL [L\I|LI(4-Meﬁy)(f\A%S)z],?atrﬁ- temperature without any assumption concerning the reaction
spectively. e equa = ere. S the . . . . .
hgat glf aydsorptio(alt,j mlakes (i:{atBossiblga% estir’?&@d}\:\;ns in thissorsp);stem. mechanism. The plot shown in Figure 8 indicates that the
However, it is difficult to estimaté\Hso, in our system. activation energy was ca. 100 kJ mbk°®

(28) (a) Gotor, F. J.; Criado, J. M.; Malek, J.; Koga,NPhys. Chem. 2000 ! . L. .
104, 10777-10782. (b) Sorai, M.; Atake, T.; Inaba, A.; Saito, K.; The next step in deducing the channel length distribution was

Hashimoto, T.; Kidokoro, S.; Oguni, M.; Ozao, R.; Tsuji, T.; Yokokawa, ; ; f ; R
H.; Yoshida, H.Comprehensie Handbook of Calorimetry and Thermal to determine the basic mechanism of the reaction. If a single

Analysis John Wiley & Sons Ltd.: Chichester, UK, 2004. crystal were used in our experiments, the reacted fraction would
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6 — T to confirm the uniqueness of the reaction mechanism. Although
this uniqueness is assumed implicitly in any analytical method
utilizing thermal analysis, no method offers a way to confirm

the validity of this assumption. The third point is that this

method is the first to provide information on the channel length
distribution. The basic idea of deducing the channel length
distribution should be applicable irrespective of the basic
mechanism of reaction. An extension of the analytical method

0.0 0.2 Y 0.4 0.6 is now underway by one of the authors.
um

Figure 9. Distribution function of channel-length deduced from the Conclusion
isothermal kinetic data for desorpti@D 2H,0-2MeOH — 3in Figure 7.

This work was devoted to two major subjects: (i) the
synthesis and analysis of coordination polymers with 4-pmna
ligands that included hydrogen-bonding sites orientated toward

. ST : h r frameworks and (ii) the char rization of th
the reacted fractiof] kqt'?) in diffusion-limited cases. Since the porous frameworks a d (i) the characterizatio ot the
- . o adsorption/desorption process &> 2H,0-2MeOH with
there was a characteristic particle size in our samples, some

part of the kinetic data was expected to show either of the two sub.sequ.ent kinetic and thermodyna.m|c analysis. )

mechanisms. Indeed, the kinetic data plo8af 2H,O-2MeOH 0 U_smg cobalt(ll) and 4-_pm_na ligands, we succeeded in

— 3 shown in Figure 7 is almost linear with respect to time producing three novel coordination ponmQrsS. In all three

between the reaction rate of 0.2 and 0.5. This strongly implies COMPounds, the cobalt(ll) atoms are bridged by L-shaped

that desorption proceeded as a surface-limited zero-order4-Pmna ligands forming repeated rhomboid networks. The

reaction3® Considering the appearance of the second crystalline mutual relationships between the repeatgd rhomboid cham; are

form upon desorption, it seems reasonable to deduce that gregulated by the hydrogen bonds occurring between the anions

surface-limited mechanism occurred. The desorbed molecules@nd the amide moieties in the 4-pmna ligands, to attain one-

immediately escaped into the gas phase, and there was no neeflimensional micropores @ > 2H,0-2MeOH. Guest molecules

to supply any molecules. This resulted in a zero-order reaction. &e bound with hydrogen bonds in these micropores, where the
The apparent kinetic constari¢®® or kPP was obtained as structural transformatior8(> 2H,0-2MeOH < 3) was induced

a function of time from the experimental data. This constant is by the adsorption and desorption of a guest molecule.

related to the kinetic constant for an infinitely long complex (ii) Kinetic and thermodynamic analysis was carried out on

increase in proportion to the reaction time (i.e., the reacted
fractionO kit) in the case of interface-limited reactions, whereas
it would be proportional to the square- root of the time (i.e.,

(K) from 3 D 2H,0-2MeOH. The clathration enthalpy35 kJ/mol) was
successfully obtained from DSC data. The desorptio3 of
kapp(t) = kﬁ"("t) f(hydl = k‘/t'“’ flI(0)] %dt (3) 2H,0-2MeOH under isothermal conditions proceeded via a

single reaction mechanism involving a surface-limited zero-order

wheref(l) is the channel-length distribution function. It is noted €action. In addition, we succeeded in estimating the unsym-
that no information was available concerning the real length Metrical channel length distribution 8> 2H,0-2MeOH as
scale from the kinetic data. The XRPD observation indicated P€ing 0.55«m.
that a typical length of the particles 8> 2H,O-2MeOH was This research is particularly relevant to the construction of
0.55um 3! By fixing the length scale to this length as being porous coordination polymers utilizing both coordination and
that of the most frequent channel length, the channel-length hydrogen bonds, since the rational design of solids has important
distribution function can be obtained, as shown in Figure 9. ramifications for the development of new materials. Many
As the channel length distribution function is deduced by porous coordination polymers have been synthesized and
differentiating twice with respect to timey(t), the major peak reported. However, to the best of our knowledge, reports on
in the distribution was unsymmetrical, i.e., there was a steeperthe kinetic and thermodynamic measurements on these materials
decrease on the longer side. are sparse. We anticipate that this study will be useful for
The analysis given here was based on the structural anisotropyanalyzing the thermal behavior of porous coordination polymers.
of the nanopores, and this method is superior to the standard
methods used in the analysis of solid-state reactions in some Acknowledgment. This work was supported by a Grant-in-
respects. The first point concerns the use of isothermal data. ItAid for Scientific Research on Priority Area (No. 434, “Chem-
is widely accepted that isothermal data are more reliable thanistry of Coordination Space”) and Young Scientist (B) (No.
dynamical data in thermal analysis, although more time- 17750058) from the Ministry of Education, Science, Sports and
consuming. The second point is that this method offers a way Culture, Japan.

(29) It was also possible to obtain the activation enefgy)(by the Ozawa Supporting Information Available: XRPD simulation, esti-
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