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Abstract: A combination of framework-builder (Cu(ll) ion and 4,4'-bipyridine (4,4'-bpy) ligand) and
framework-regulator (AFe type anions; A = Si, Ge, and P) provides a series of novel porous coordination
polymers. The highly porous coordination polymers {[Cu(AFs)(4,4'-bpy).]-8H.0} , (A = Si (1a-8H,0), Ge
(2a-8H,0)) afford robust 3-dimensional (3-D), microporous networks (3-D Regular Grid) by using AFg?~
anions. The channel size of these complexes is ca. 8 x 8 A2 along the c-axis and 6 x 2 A2 along the a-
or b-axes. When compounds 1a-8H,0 or 2a:8H,0 were immersed in water, a conversion of 3-D networks
(1a-8H,0 or 2a-8H,0) to interpenetrated networks {[Cu(4,4'-bpy).(H20).]:AFs} » (A = Si (1b) and Ge (2b))
(2-D Interpenetration) took place. This 2-D interpenetrated network 1b shows unique dynamic anion-
exchange properties, which accompany drastic structural conversions. When a PFs~ monoanion instead
of AF¢?~ dianions was used as the framework-regulator with another co-counteranion (coexistent anions),
porous coordination polymers with various types of frameworks, {[Cu,(4,4'-bpy)s(H20)4]-anions-2H,0-
4EtOH} , (anions = 4PFg~ (3:2H,0-4EtOH), 2PFs~ + 2ClO4~ (4-2H,0-4EtOH)) (2-D Double-Layer), {[Cu,-
(PF6)(NO3)(4,4'-bpy)a]- 2PFs-2H20} , (5:2PFe+2H20) (3-D Undulated Grid), {[Cu(PFg)(4,4'-bpy)2(MeCN)]-
PFs-2MeCN}, (6:2MeCN) (2-D Grid), and {[Cu(4,4'-bpy)2(H20).]-PFe-BF4} » (7) (2-D Grid), were obtained,
where the three modes of PFs~ anions are observed. 5-:2PF4-2H,0 has rare PFs~ bridges. The PFs~ and
NO3z;~ monoanions alternately link to the Cu(ll) centers in the undulated 2-D sheets of [Cu(4,4'-bpy).], to
form a 3-D porous network. The free PF¢~ anions are included in the channels. 6-2MeCN affords both free
and terminal-bridged PF¢~ anions. 3:2H,0-4EtOH, 4-2H,0-4EtOH, and 7 bear free PFs~ anions. All of the
anions in 3-2H,0-4EtOH and 4-2H,0-4EtOH are freely located in the channels constructed from a host
network. Interestingly, these Cu(ll) frameworks are rationally controlled by counteranions and selectively
converted to other frameworks.

Introduction properties such as physical gas adsorptio”® chemical
adsorption'216.27-31 jon-exchangé2-35 heterogeneous cataly-
sis2638 and so on. The porous coordination polymers have
advantages in that they provide not only light materials with

The study of self-assembled coordination polymers containing
transition metal ions and organic bridging ligands has been
carried out by many researchers during the past detdfle.
Coordination polymers having flexible or rigid microporous (11) Yaghi. O. M. Li. G Ll H.Nature 1998 378 703706
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1397.
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high porosity but also desirable regular networks. Werner Scheme 1

complexes? Prussian blue compound%;*? and Hofmann
clathrates and their derivativ€sare widely known as porous
materials that can reversibly adsorb small molecules. There are
also numerous examples of porous organic frameworks that are
sustained by hydrogen bontis*® Previously, we have defined
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the porous compounds in the three categoridhe first
generation compounds afford microporous channels with guest
molecules, which are destroyed by the removal of all guest tion polymers of 4,4bpy have relatively flexible frameworks
molecules. The second generation compounds have rigid vacanPased on the single site-binding of neutral pyridyl groups,
channels formed after the removal of guest molecules. The third Potentially affording the third generation compounds evolving
generation compounds bear flexible channels, which changeffom those of the second generatid#?*33°On this back-
their own frameworks responding to an external physical ground, we have been challenged to develop a new type of
stimulus, such as pressure and light, and a chemical stimuluscoordination polymer chemistry of 4;:8py. Recent synthetic

by guest molecules. A large number of dicarboxylate- or chemistry of coordination polymers has so far been mainly
tricarboxylate-bridged porous coordination polymers have been focused on transition metal ions and coligands. This is because
hitherto synthesized, and their porous functions have beenframeworkis due to the topology and geometry of both ligands
investigated.1-15.2425293150These carboxylate-bridged porous and metal cations. In this sense, a pair of a metal and a ligand
coordination polymers tend to provide a rigid framework IS regarded as a framework-builder. In addition, we noted
because of the two site-binding modes of anionic carboxylate countergnlons, whlch have not only a role to neutralize overall
groups, therefore classified as the second generation compound$sharge in the solid but also to regulate frameworks; therefore
Recently, several coordination polymers have been preparedWe called this anion a framework-regulator. As shown in
where these frameworks change reversibly on removal/clath- Scheme 1, AE™ (A = Si, Ge) and P§" anions are utilized,
ration of guest molecules or anio#<%-55 The porous coordina-  'esulting in a key for construction, interconversion, and restora-
tion of frameworks.

Cu(ll) complexes could be relevant for crystal engineering
by framework-builder/-regulator, liable to undergo the Jahn
Teller effect, resulting in a (4 2) coordination. In the presence
of the 4,4-bpy ligand, the Ak anions tend to sit at the axial
sites of the Cu(ll) ion. By utilizing this tendency, the control
of the framework by anions could be carried out. Moreover,
we introduced additional coexistent anions such agNBF,~,
ClOs~, and SQ? (Scheme 1), which afford various shapes
(tetrahedral or trigonal), sizes, charges (mono- or dianion), and
coordinate atoms (O or F) in the PFsystem to closely study
the influence of the counteranion in the Cu/4ypy system.

In this paper, we obtained the following porous coordination
polymers,{[Cu(AFg)(4,4-bpy)]-8H,0} , (A = Si (la-8H,0),

Ge a-8H,0)) (3-D Regular Grigd, {[Cu(4,4-bpy)(H20),]
AFg}n (A = Si (1b), Ge @b)) (2-D Interpenetratiol, {[Cu,-
(4,4-bpy)(H20)4]-anions2H,0-4EtOH} , (anions= 4Pk~ (3¢
2H,0-4EtOH), 2Pk~ + 2ClO;~ (4-2H,0-4EtOH)) @-D Double-
Layer), {[Cux(PFs)(NOs)(4,4-bpy)]-2PFs-2H,0}, (5:2PFs
2H,0) (3-D Undulated Grid, {[Cu(PFs)(4,4-bpy)(MeCN)]-
PFRs:2MeCN}, (6:2MeCN) 2-D Grid), and {[Cu(4,4-bpy)-
(H20),]-PRs*BF4}n (7) (2-D Grid), which were crystallographi-
cally characterized, and their porous functions were investigated.
In these complexes, 3-D networkks8H,0, 2a-8H,0, and5-
2PFR+2H,0) are the second generation compounds. A conversion
of 3-D networks {a:8H,O or 2a:8H,0) to interpenetrated
networks (b and2b) took place while being immersed in water.
Compoundlb shows unprecedented dynamic anion-exchange
properties and is classified as the third generation compound.
When the PE~ anion was used together with coexistent anions
in the reaction with the Cu(ll) ion and 4;8py, various types

of porous networks were constructed as shown in Scheme 2. In
these PF~ complexes, onlp-2PF-2H,0 affords a 3-D porous
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Scheme 2
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\V/72
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MeCN ///\\\
7 W 8:2H,0
[Cu(4,4™-bpy)2(H20)2]n MeOH [Cu(S04)(4,4"-bpy)NH0)s],
G
2-D Double-Layer 3-D Undulated Grid
4-2H,0-4E10H $2PFg:2H,0  —
. [Cu,(PFg)Y(NO3)(4,4'-bpy)al, aqueous solution
[Cuy(4,4'-bpy)s(H20)aln
2 non aqueous solution
guest molecules
framework, in which 2-D undulated layers of [Cu(4l3py)]n imaging plate diffractometer with graphite monochromated Mo K
are bridged by PF and NQ~ anions alternately. Other radiation. For2a-8H,0 and 2b, all measurements were made on a
coordination polymers 32H,0-4EtOH, 4-2H,0-4EtOH, Rigaku RAXIS-CS imaging plate diffractometer with graphite mono-

6-2MeCN, and7) represent 2-D porous networks, but their chromated Mo K radiation. Foa-8H,0, 2b, and3-6, structures were
detailed structures are clearly different from each other. This SCved by a direct method using the SIR92 prograand expanded

observation of the coexistent effect of counteranions is the first USin9 Fourier techniquéSFor 1b, the structure was solved by a direct
example method using the MITHRIL90 prograthand expanded using Fourier

techniques® For 10-5H,0, the structure was solved by a direct method
Experimental Section using the SHELXS-97 prograthand expanded using Fourier tech-
Physical MeasurementsElemental analyses were taken on Yanaco njquess® In all complexes, exced-2H,0-4EtOH, the non-hydrogen
C,H,N Corder MT-5. IR spectra were recorded on a Hitachi I-5040FT- atoms were refined anisotropica”y. B2H,0-4EtOH, two carbon and
IR spectrometer with samples prepared as KBr pellets.—Ui¥ one oxygen atoms of one EtOH molecule were fixed. All hydrogen
reflection spectra were recorded on a Hitachi U-3500 spectrophotometeratoms, which were placed in idealized positions, were included but
over the range from 200 to 2700 nm at room temperature. X-ray powder not refined. The refinements were carried out using full-matrix least-
diffraction (XRPD) data were collected on a MAC Science Instruments squares techniques. Crystal data and details of the structure determina-
M21X-SRA by using Cu K radiation. Thermal gravimetric analyses  tions are summarized in Table 1. Unfortunately, we could not obtain
(TGA) were carried out with a Rigaku Instruments TG8120 in a nitrogen  single crystals with a good quality for compourgg@H,0-4EtOH and
atmosphere (heating rate: 5 K/min). 4-2H,0-4EtOH, and the data of the X-ray analysis were poorer than
Gas Adsorption Measurements. The adsorption isotherms of  others. All calculations were performed using the teXsamystal-
methane gas on the sample were measured using a Cahn R-10Qographic software package of the Molecular Structure Corp.
electrobalance and according to an already published proc&dTine. Materials. CuSO-5H,0, Cu(NQ)2+3H,0, NH:PFs, and (NH),SO,
adsorption isotherms of argon gas were measured using ASAP 2000M yere obtained from Wako Co. 4;Bpy was purchased from Tokyo
volumetric adsorption equipment from Micromeritics, Norcross, GA. Kasei Industrial Co. Cu(Bf»xH,0, (NH,),SiFs, and (NH),GeF; were

The adsorption isotherms of nitrogen gas were measured USiNg gpioinad from Aldrich Chemical Co. Cu(Cli2-6H,0 was obtained
BELSORP28 volumetric adsorption equipment from Bel Japan, Inc. from Kanto Chemical Co.

Zeolite 5A was purchased from Bayer Co. The adsorption isotherms . . )
of methane gas were measured with the same method as for the sample Syntheses of [Cu(SiFe)(4,4-bpy)2] -8H20} n (1a-8H20) and {[Cu-

The adsorption properties of zeolites have been reported by L. Mentastyg‘:t;:;psﬁze(g Za?s)?z)llsolvlflz} " A(ﬁgz'aTS:;Sg:gzﬁgg ((z)(fj)lr?;ﬁ;_' (2)? CWXE‘;F
et al.>® and the methane adsorption quantity (2.9 mmdlat 36 atm) y ) q 4

of zeolite 5A was smaller than that of our experimental data (3.7 mmol XHz0 (266 mg, 1.12 mmol) and (N%.S'FG (199 mg, %'12 mmol) was
g! at 36 atm). Therefore, we used the higher methane adsorption added to a hot ethylene glycol solution (40 mL) of*4y (350 mg,

guantity as comparison data with the sample. 1) Al A Bura M G Camall ML G e c
_ H : i _ tomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo, C.;
X-ray Structure Determination. A single crystal for each com Guagliardi. A.; Polidori, G.J. Appl. Crystallogr.1994 27, 435.

pound was mounted on a glass fiber and coated with epoxy resin. For (58) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de Gelder,

1b, 3-2H,0-4EtOH, and4-2H,0-4EtOH, X-ray data collections were R.; Israel, R.; Smits, J. M. MThe DIRDIF-94 Program Systerfiechnical

. . . . . Report of the Crystallography Laboratory; University of Nijmegen: The
carried out by a Rigaku Mercury diffractometer with graphite mono- Netherlands, 1994.
chromated Mo K radiation. For 5-2PR2H,0, 6:2MeCN, and (59) Gilmore, C. J.MITHRIL — An Integrated Direct Methods Computer

; _ Program University of Glasgow: Scotland, 1990.
10-5H:0, all measurements were made on a Rigaku RAXIS-RAPID (60) Sheldrick, G. MProgram for the Solution of Crystal Structurésniversity
of Goettingen: Germany, 1997.

(56) Mentasty, L.; Woestyn, A. M.; Zgrablich, @dsorpt. Sci. Technol994 (61) Crystal Structure Analysis Package, Molecular Structure Corporation (1985

11, 123-133. & 1999).
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Table 1. Crystallographic Data for {[Cu(4,4'-bpy)2(H20)2]-SiFe} » (1b), {[Cu(GeFs)(4,4'-bpy)2]-8H20} ,, (2a-8H,0),
{[Cu(4,4'-bpy)2(H20),]-GeFe} » (2b), {[Cu2(4,4'-bpy)s(H20)4]-4PFg-2H,0-4EtOH} ; (3:2H20-4EtOH),
{[Cu2(4,4'-bpy)s(H20)4]-2PFs+2ClO4-2H,0-4EtOH} ; (4+2H,0-4EtOH), {[Cu2(PFe)(NO3)(4,4'-bpy)a]-2PFe-2H20} , (5:2PFg-2H,0), and
{[Cu(PFs)(4,4"-bpy)2(MeCN)]-PFs-2MeCN} , (6:2MeCN)

compounds 1b 2a8H,0 2b 3-2H,0-4EtOH 4-2H,0-4EtOH 5-2PR+2H,0 6-2MeCN

formula GooH20N4CUR0,Si CooH3N4CURsGeQy CooHooN4CUuRsGeQy CogHagNsCuF205P, CogHzgNsCUCIFOgP CugH3eNoCLpF1605Ps CogHosN7CuFiP,

fw 554.03 706.62 598.53 890.12 844.61 1284.77 789.00

crystal system tetragonal tetragonal tetragonal orthorhombic orthorhombic monoclinic monoclinic

a A 11.080(2) 11.0934(5) 11.1835(6) 45.47(1) 44.870(10) 22.184(2) 11.1611(6)

b, A 20.523(8) 20.292(5) 15.313(1) 13.1786(7)

c, A 16.0239(7) 8.2070(6) 15.876(2) 8.229(3) 8.170(2) 11.1085(8) 22.1972(2)

S, deg 93.704(3) 92.569(3)

vV, A3 1967.3(5) 1009.99(9) 1985.6(3) 7679(4) 7439(3) 3765.7(5) 3261.7(2)

space group P4/ncc(No. 130) P4/mmm(No. 123) P4/ncc(No. 130) Aba2 (No. 41) Aba2 (No. 41) C2/m(No. 12) P2,/c (No. 14)

Z 4 1 4 8 8 2 4

p(calcd), g cnm®  1.870 1.162 2.002 1.540 1.508 1.133 1.607

F(000) 1124.00 359.00 1196.00 3632.00 3472.00 1288.00 1588.00

u(Mo Ka), cmt  12.57 13.32 26.69 7.54 7.88 7.08 8.67

diffractometer CCD RAXIS-CS RAXIS-CS CCD CCD RAXIS-RAPID RAXIS-RAPID

radiation ¢, A)  0.71069 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069

temp,°C 25 -50 25 -50 -50 25 -50

GOF 1.831 1.683 1.210 2.694 2.756 1.610 1.849

no.of obsd data  877V¢ 2.0(1)) 579( > 2.00s(1)) 537( > 2.00s(1)) 3164( > 2.00s(1)) 3347( > 2.0s(1)) 3200( > 2.00s(1)) 4871( > 2.00(1))

no. of variables 81 48 81 461 470 197 433

R (I”>d2.0)07(l), 0.0501, 0.0591 0.0548, 0.0648 0.0530, 0.1129 0.1009, 0.1143 0.0978, 0.1086 0.0615, 0.0767 0.0724, 0.0938
all data;

R.P (I:d> 2.;)07(I), 0.0751, 0.0786 0.0790, 0.0819 0.0550, 0.0640 0.1289, 0.1307 0.1272,0.1288 0.0812, 0.0841 0.0914, 0.0963
all data;

AR = 3 |[IFol — IFll/3|Fol. ® Ry = [(SW(IFol — IFcl)?>WFe?)]Y2

2.24 mmol). The obtained purple powder was filtered, washed with Found: C, 37.00; H, 3.58; N, 8.66. IR (KBr pellet): 3426 bm, 3111
MeOH, and dried in air to give the microcrystals (yield; 579 mg, 88%). w, 1637 w, 1610 s, 1537 w, 1493 w, 1415 m, 1323 w, 1223 w, 1068
This compound easily released the guesDHnolecules to form a m, 1014 w, 850 w, 812 m, 731 w, 679 w, 625 m, 603 s, 563 s, 470 w
partially dehydrated compound. The crystals suitable for the X-ray (cm™).

analysis were obtained as follows. An EtOH solution of 4gy was Synthesis of {[Cu,(4,4-bpy)s(H20)4]-4PFs:2H,0-4EtOH},, (3-
diffused to an aqueous solution of Cu(@#xH.O and (NH)SiFs in a 2H,0-4EtOH). An EtOH solution (10 mL) of 4,4bpy (390 mg, 2.50
straight glass tube. Purple crystalslaf8H,O were obtained together ~ mmol) was diffused to an aqueous solution (10 mL) of CuBkH,O

with sky-blue crystals oflb after a few weeks. The homogeneity of (237 mg, 1.00 mmol) and NiPF; (326 mg, 2.00 mmol) in a straight
the powder sample was confirmed by comparison of the observed andglass tube. Purple single crystals3s2H,0-4EtOH were obtained after
calculated XRPD patterns obtained from the single-crystal data. Anal. a few days and collected. They were washed with EtOH and dried in
Calcd for{[Cu(SiFs)(4,4-bpy)] -4H,0} » (1a-4H,0): C, 40.71; H, 4.10; air (yield; 85 mg, 10%). The crystals & 2H,O-4EtOH were also

N, 9.50. Found: C, 40.81; H, 3.50; N, 9.27. IR (KBr pellet): 3412 obtained together with sky-blue crystals{¢Cu(SQy)(4,4-bpy)(H0)s]

bm, 3098 w, 3045 w, 1610 m, 1535 w, 1493 w, 1412 w, 1221 w, 1078 2H,0}, (8-:2H;0) by using CuS®5H,0 as a starting material. This

w, 995 w, 812 s, 742 s, 644 m, 482 s (cih compound easily released guesiCHand EtOH molecules to form a
The compound oflb was synthesized as follows. A hot agueous desolvated compound. Anal. Calcd fdCux(4,4-bpy)(H20)4]-4PRs:
solution (10 mL) of Cu(Bk)2:xH20 (237 mg, 1.00 mmol) and (Nf- 2EtOH}, (3-2EtOH): C, 39.26; H, 3.66; N, 8.48. Found: C, 38.72; H,

SiFs (178 mg, 1.00 mmol) was added to a hot aqueous solution (10 3.47; N, 8.47. IR (KBr pellet): 3395 w, 3117 w, 1684 w, 1616 m,

mL) of 4,4-bpy (312 mg, 2.00 mmol). The color of the resultant 1539 w, 1493 w, 1425 m, 1226 w, 1076 m, 1022 w, 1001 w, 843 s,

suspension was purple and gradually changed to sky-blue. The obtained14 s, 738 w, 669 w, 646 w, 639 w, 557 s (Cth

sky-blue powder was filtered, washed with acetone, and dried in airto  Synthesis of [Cux(4,4-bpy)s(H20)4]-2PFs-2CI04-2H,0-4EtOH}

give the microcrystals (yield; 362 mg, 61%). The crystals suitable for (4-2H,0-4EtOH). An EtOH solution (10 mL) of 4,4bpy (390 mg,

the X-ray analysis were obtained by the same methodas8H,0. 2.50 mmol) was diffused to an aqueous solution (10 mL) of Cugz10

The homogeneity of the powder sample was confirmed by comparison 6H,0O (370 mg, 1.00 mmol) and NiRFs (326 mg, 2.00 mmmol) in a

of the observed and calculated XRPD patterns obtained from the single-straight glass tube. Purple single crystals 42H,0-4EtOH were

crystal data. This powder sample contains gue§l kiolecules, because  obtained after a few days and collected. They were washed with EtOH

of the presence of a vacant space generated by a slight defect of theand dried in air (yield; 131 mg, 17%). This compound readily released

overall structure. Anal. Calcd f@[Cu(4,4-bpy)(H20)]-SiFs-2.3H0} n the guest HO and EtOH molecules to form a desolvated compound.

(1b-2.3H,0): C, 40.34; H, 4.16; N, 9.41. Found: C, 40.36; H, 3.78; Anal. Calcd for {[Cux(4,4-bpy)s(H0)s]-2PFs2CIOs2EtOH},, (4-

N, 9.42. IR (KBr pellet): 3441 bm, 3109 w, 3088 w, 1635 w, 1612 s, 2EtOH): C, 41.55; H, 3.87; N, 8.97. Found: C, 41.02; H, 3.68; N,

1537 w, 1493 w, 1415 m, 1223 m, 1068 m, 1014 w, 852 m, 812 m, 9.09. IR (KBr pellet): 3422 w, 3113 w, 1616 m, 1558 w, 1539 w,

748 s, 690 s, 671 m, 642 m, 617 m, 480 m, 462 m(Ym 1491 w, 1423 w, 1224 w, 1115 m, 1076 m, 843 s, 814 s, 738 w, 669
Syntheses of {[Cu(GeFs)(4,4-bpy),]-8H.0}, (2a-8H,0) and m, 648 m, 625 m, 557 m (cr).

{[Cu(4,4'-bpy)z(H20),]-GeFs}n (2b). These compounds were prepared Synthesis of{ [Cux(PFs)(NO3)(4,4-bpy)4] - 2PFs-2H,0} » (5:2PF¢-

by a procedure similar to that d&-8H,0 and1b (yield; 65 and 62%, 2H,0). An EtOH solution (20 mL) of 4,4bpy (312 mg, 2.00 mmol)

respectively). Anal. Calcd fof[Cu(GeFs)(4,4-bpy)]-4H,0}, (2a was diffused to an aqueous solution (20 mL) of CugN&H,0 (242

4H,0): C, 37.85; H, 3.81; N, 8.83. Found: C, 37.52; H, 3.48; N, 8.42. mg, 1.00 mmol) and NkPFs (326 mg, 2 mmol) at the 1:2 ratio in a

IR (KBr pellet): 3410 bm, 3098 m, 3045 m, 1610 s, 1535 w, 1493 w, straight glass tube. Purple single crystals were obtained after a few

1412 m, 1332 w, 1221 m, 1111 m, 1076 m, 1045 w, 1012 w, 812 s, days and collected. They were washed with EtOH and dried in air (yield;

723 w, 642 m, 607 s, 470 w (crt). Anal. Calcd for{[Cu(4,4-bpy)- 150 mg, 23%). They are available for the single-crystal X-ray structure

(H20)7]-GeRs:2.7H,0}n (2b-2.7H,0): C, 37.12; H, 3.96; N, 8.66. determination. According to the single-crystal structure, it contains only

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2571
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(@) (b)

Figure 1. (a) ORTEP drawing around a Cu(ll) center2s8H,0 at the 30% probability level. The hydrogen atoms, disordered pyridine carbon atoms, and
disordered fluoro atoms are omitted for clarity. Selected bond distances (A): -N(1) = 2.008(5), Cu(1}F(1) = 2.320(5). (b and c) View of the
microporous network a2a-8H,0 along thec-axis (b) anda- or b-axes (c). The guest4® molecules, the hydrogen atoms, disordered pyridine carbon atoms,
and disordered fluoro atoms are omitted for clarity. (d and e) View of the eight-membered ring of g@estdtecules. The hydrogen atoms, disordered
pyridine carbon atoms, and disordered fluoro atoms are omitted for clarity.

PR~ anions as metal-free counteranions in the channels. In the case ofthe formation of the similar 3-D network. Anal. Calcd fdCu,(PFs)-
a large-scale preparation, partial replacement of the N@ions occurs (NO3)(4,4-bpy)]-1.4PF-0.6NCs:2H,0-1.2EtOH 1, (5:1.4PK-0.6NG;+

for the free PE~ anions, and, therefore, the ratio of PRand NQ~ 2H,0-1.2EtOH): C, 39.47; H, 3.37; N, 10.42. Found: C, 39.55; H,
anions in the elemental analysis is different from tha-@PFs-2H,0. 3.11; N, 10.44. IR (KBr pellet): 3421 bw, 3308 bw, 3113 w, 1705 w,
When a NQ™ anion, with a smaller volume than that of PFis 1645w, 1616 m, 1537 w, 1495 w, 1421 m, 1385 m, 1348 m, 1321 m,

included in the channel, an additional EtOH molecule is clathrated to 1228 w, 1107 w, 1070 w, 1020 w, 843 s, 738 w, 673 w, 646 m, 557
occupy a vacant space of the channel. The XRPD pattern of the samplem (cn?).

with mixed free counteranions is in agreement with the simulated pattern  Synthesis of {[Cu(PFe)(4,4-bpy)2(MeCN)]-PFs:2MeCN}, (6
obtained from the X-ray crystal analysis 822PF-2H,0, indicating 2MeCN). A MeCN solution (10 mL) of 4,4bpy (312 mg, 2.00 mmol)

2572 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002
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Figure 2. (a) ORTEP drawing around a Cu(ll) center b at the 30% probability level. The hydrogen atoms are omitted for clarity. Selected bond
distances (A): Cu(BN(1) = 2.043(3), Cu(1}O(1*) = 2.378(4) [Symmetry Code: (*}, y — 1, Z]. (b) View of a 2-D network oflb along theab vector.

The hydrogen atoms are omitted for clarity. (c) View of the interpenetration motlke along theab vector. The two types of 2-D layers lying parallel and
perpendicular to the paper plane are represented by the stick and cylindrical bond models, respectively. The cgardeid®isand the hydrogen atoms
are omitted for clarity. (d) View showing the micropore cross section of the netwotk afong thec-axis. The counter S~ anions and the hydrogen
atoms are omitted for clarity.

was diffused to an aqueous solution (10 mL) of Cu(B&H,O (237 Found: C, 37.37; H, 2.99; N, 8.88. IR (KBr pellet): 3437 bm, 3118
mg, 1.00 mmol) and NEPFR; (326 mg, 2.00 mmol) in a straight glass ~ w, 1645 w, 1616 s, 1539 w, 1496 w, 1423 m, 1230 m, 1076 m, 1045
tube. Purple single crystals 6f22MeCN were obtained after a few days m, 976 w, 844 s, 819 s, 729 w, 648 w, 557 m, 482 w (&

and collected. They were washed with MeCN and dried in air (yield; Synthesis of {[Cu(SO4)(4,4-bpy)(H20)s]-2H-0}, (8-2H20). A
132 mg, 17%). This compound readily released guest MeCN molecules MeOH solution (10 mL) of 4,4bpy (156 mg, 1.00 mmol) was added
and adsorbed ca. three molecules @OHn the atmosphere to forma g an aqueous solution (10 mL) of Cu$BH,0 (250 mg, 1.00 mmol).
hydrated compound [Cu(PFs)(4,4-bpy)(MeCN)]-PF:-3H;O}n (6 The obtained sky-blue powder was filtered, washed wit® Hind
3H0). Anal. Calcd forf{ [Cu(PFs)(4,4-bpyx(MeCN)]-PF-3H;0} » (6 MeOH, and dried under vacuumrfa h togive the microcrystals (yield;
3H,0): C,34.73; H,3.31; N, 9.20. Found: C, 34.37; H, 2.85; N, 9.21. 363 mg, 89%). The homogeneity of the powder sample was confirmed
IR (KBr pellet): 3431 bw, 1956 w, 1616 m, 1539 w, 1496 w, 1423 m, py comparison of the observed XRPD pattern with a calculated pattern
1224 m, 1074 m, 1020 w, 839 s, 810's, 738 w, 646 m, 557 nT{Lm  gptained from the single-crystal data reported previotshnal. Calcd
Synthesis of {[Cu(4,4-bpy)2(H20)]-PFe-BF4}tn (7). A MeOH for {[Cu(SQy)(4,4-bpy)(H0)s]-2H.O}  (8:2H,0): C, 29.59; H, 4.47;
solution (10 mL) of 4,4bpy (312 mg, 2.00 mmol) was diffused to a N, 6.90. Found: C, 29.77; H, 3.81; N, 6.82. IR (KBr pellet): 3422 bs,
MeOH solution (10 mL) of Cu(BEj2:xH20 (237 mg, 1.00 mmol) and 1610 m, 1535 w, 1493 w, 1417 w, 1223 m, 1107 s, 1076 m, 1043 m,
NH4PFs (326 mg, 2.00 mmol) in a straight glass tube. Purple single 968 w, 812 m, 723 w, 669 w, 646 m, 617 m, 472 w (&n
crystals were obtained after a few days and collected. They were washed
with MeOH and dried in air (yield; 144 mg, 22%). Anal. Calcd for (62) Hagrman, D.; Hammond, R. P.; Haushalter, R.; Zubiet€h&m. Mater.
{[Cu(4,4-bpy)(H-0)]-PFs+BFs}, (7): C, 37.32; H, 3.13; N, 8.70. 1998 10, 2091-2100.

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2573



ARTICLES

Noro et al.

(a)

[SicTi ¢ 924) CO7y sy (@)

S o
€U p &
¢ ma»\\__/-./
L TR e
ant . > Ny [PO®CUD Cuz
el gy a9 e
cuti s
@ T* jm)

3
o A

o
@ ﬁl)\};cm

oy (I N2

Nisy

(b)

+b

Figure 3. (a) ORTEP drawing around Cu(ll) centers42H,0-4EtOH at the 30% probability level. The hydrogen atoms are omitted for clarity. Selected
bond distances (A): Cu(EHN(1) = 1.985(8), Cu(1}N(2*) = 1.986(8), Cu(1)}N(3) = 2.018(6), Cu(1}N(4) = 1.994(6), Cu(1}O(5) = 2.395(10), Cu-
(1)—0(6) = 2.73(1) [Symmetry Code: (*), Y2 + vy, =¥, + 7. (b and c) ORTEP view of the 44py ligands (mode B) bridging neighboring 1-D chains
of 4-2H,0-4EtOH at the 30% probability level. The mode B of the'44y is directed to tha-axis. The hydrogen atoms (b and c) and the mode C of the
4,4-bpy (only b) are omitted for clarity. (d) View of the 2-D thick network4®2H,0-4EtOH. The hydrogen atoms are omitted for clarity. (e) View showing
the micropore cross section of the networkde2H,O-4EtOH along thec-axis. The counter RF and CIQ~ anions, guest O and EtOH molecules, and

the hydrogen atoms are omitted for clarity.

Synthesis of{[Cu(4,4'-bpy)2(H20),]-2PFg}n (9). This compound
was obtained by the anion-exchange reaction hithAn excess amount
of NH4,PR was added tdb in an aqueous solution. After 3 days, a
solution color changed from sky-blue to purple, and the resultant
precipitate was filtered, washed withh® and acetone, and dried under
vacuum for 2 h. Anal. Calcd fof[Cu(4,4-bpy)(H20).]-2PFs}n (9):
C, 34.23; H, 2.87; N, 7.98. Found: C, 34.58; H, 2.54; N, 7.65. IR
(KBr pellet): 3443 bw, 1616 m, 1539 w, 1496 w, 1423 w, 1327 w,
1226 w, 1074 w, 1020 w, 843 s, 814 m, 736 w, 648 w, 555 m, 505 w
(cm™).

Results and Discussion

Crystal Structures of { [Cu(AF¢)(4,4-bpy)2]-8H-0}, (A =
Si (1a8H,0), Ge (2a8H,0)) and {[Cu(4,4-bpy)z(H0)s]-

2574 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

AFgtn (A = Si (1b), Ge (2b)).The crystallographic structure
of 2a-8H,0 clearly illustrates a 3-D network based on a square
grid of [Cu(4,4-bpy)], and a pillar anion of Gef~ and is
similar to 1a-8H,0 reported previousl§? Figure 1a shows a
coordination environment around a Cu(ll) ion2#8H,0. Four
pyridyl nitrogen atoms of 4,4bpy ligands are coordinated to
the Cu(ll) ion. Association of two F atoms of the Gé&Fanions
provides a (4+ 2) environment. The 4;4py ligands bridge
Cu(ll) ions to form a 2-D network of square grids. The layers
are linked with Geg2~ anions by coordination bonds to give a
3-D structure without interpenetratioB-D Regular Grig. This
network provides channels with dimensions of cax &8 A?
along thec-axis and ca. 6< 2 A2 along thea- andb-axes, as
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shown in Figure 1b and c, respectivéiyThe channels are filled
with eight crystallization HO molecules per one Cu(ll) ion. In
this crystal, there are two types of hydrogen bondings of the
H>O molecules. Four O molecules (type A) are hydrogen-
bonded to the F atoms of the GAF ions and the nearest-
neighbor HO molecules. The remaining four,8 molecules
(type B) link the type A of HO molecules to form an octangle
ring (Figure 1d). These rings are located between Clizhy
layers as illustrated in Figure le.

An ORTEP view around a Cu(ll) center @b is shown in
Figure 2a with a numbering scheme. The Cu(ll) atom has an
elongated octahedral environment with four nitrogen atoms of
4,4-bpy ligands in the equatorial plane and two oxygen atoms
of H,O molecules in the axial sites. The Cu(ll) centers are
bridged by 4,4bpy ligands to form a 2-D sheet having square
grids with corner angles of ca. 89 and°®s shown in Figure
2b. Each 2-D sheet lying in the (a-b)c and (b-a)c planes affords
a doubly interpenetration mod2-D Interpenetratiopto make
microporous channels with dimensions of cax 2 A2 along
the c-axis (Figure 2c and d). These channels are filled by free
SiF?~ dianions, which interact with the coordinated,®
molecules by hydrogen bonds (2.702(3) A). The compibx
also affords a similar network tbb, which is confirmed by the
X-ray crystallographic determination. These compourids,
8H,0 (2a-8H,0) and1b (2b), are isostructural with the Zn(Il)
compounds reported previoust/®®

An interesting feature of these complexes is that the 3-D
structures ofla and 2a (3-D Regular Grid are transformed
into the 2-D interpenetrated structures by and 2b (2-D
Interpenetratiof, respectively, in the solid phase. When a solid
sample ofla or 2a was immersed in KD, the color changed
from purple to sky-blue. The IR measurements show thaFA

Scheme 3
the mode C of the 4,4'-bpy ligand

i %

2-D Double-Layer 2-D Double-Layer

n-n interactions between pyridine
rings of the mode C of 4,4-bpy
ligands

> >

»

in a 2-D thick layer. The other is a terminal coordination mode
(C), which is in a trans position to the mode B ligand. These
three modes of the 4/bpy afford an unprecedented 2-D
structure 2-D Double-Layey as illustrated in Figure 3d. This
type of network is the first example in the 4lgpy systen?,
although similar 2-D thick networks [MNO3)4(4,4-bpy)], (M

= Co, Ni, Zn) have been fountd:%6.67[M »(NOg)4(4,4-bpy)]n
networks afford a dihedral angle of ca.°6Between bridged

(A = Si and Ge) stretching bands of the sky-blue sample have 1.p chains, but an obvious difference is that the twosNO
a different frequency from those of the purple sample (from gnjons ligate to the metal centers instead of to termindt 4,4
742 to 748 cm* for Si, and from 607 to 563 cmt for Ge). bpy ligands in4-2H,0-4EtOH. Therefore, stacking forms of
Moreover, the XRPD patterns of the sky-blue powder are in these 2-D thick layers are apparently different from each other;
good agreement with the simulated patterns calculated from theipe tongue-and-groove type stacking is seen fo(Ds)4(4,4-
crystallographic data ofb and2b, clearly indicating that the bpy)]. while thez—z stacking of terminal 4.4bpy ligands is
3-D porous coordination polymersaand2a, are transformed  geen for4-2H,0-4EtOH.
into the 2-D interpenetrated networkd) and2b, respectively. Each 2-D thick layer assembles hy-x stacking interactions
Crystal Structures of {[Cu(4,4-bpy)s(H20)4]-anions between the mode C of the 4Hpy to form a channeling
2H>0-4EtOH}, (3-2H20-4EtOH (Anions = 4PFs™); 4-2H,0- network along the-axis as shown in Figure 3e and Scheme 3.
4EtOH (Anions = 2PFs~ and 2ClO47)). An ORTEP view The shortest &-C separation, plareplane angle, and angle
around Cu(ll) centers of-2H,0-4EtOH is illustrated in Figure  between the ring normal of the pyridine plane and the fing
3a with the numbering scheme. The Cu(ll) center has an centroid vector are ca. 3.37 A, 30and 12, respectively8
elongated distorted octahedral environment with fout-Bpy Similar 7—a interaction has been reported in other’4gy
nitrogen atoms in the equatorial plane and two oxygen atoms complexe$7°1n this crystal, there are two kinds of channels.
of the KO molecules in the axial sites. One (A) is defined by two 4,4bpy (mode C) ligands and two
There are three modes of coordination for thé-bgl ligands 2-D thick layers, and its channel size is cax@ A2 Another
as illustrated in Figure 3a. One is an infinite bridging mode (B') forms within the 2-D thick layer, and its size is cax66
(A), which links two Cu(ll) atoms to form a linear chain. A2 In the complexd-2H,0-4EtOH, all Pk~ anions are located
Another is a chairchain bridging mode (B), which links the in the channels A and all CIQ~ anions are located in the
nearest-neighbor two chains. Interestingly, thé-bgly ligands channels B The guest KO and EtOH molecules are also
(mode B) ligate these linear chains in a different direction included in the channels, and no bonding interactions with the
(dihedral angle= ca. 44) as shown in Figure 3b and c, resulting

(66) Power, K. N.; Hennigar, T. L.; Zaworotko, M.New J. Chem1998 177—
181.

(63) Hereafter the channel dimensions are calculated by considering overlapping(67) Kepert, C. J.; Rosseinsky, M. Ghem. Commuri999 375-376.

spheres with van der Waals radii.

(64) Subramanian, S.; Zaworotko, M. Angew. Chem., Int. Ed. Engl995
34, 2127-2129.

(65) Gable, R. W.; Hoskins, B. F.; Robson, ®hem. Commuril99Q 1667
1668.

(68) Janiak, CJ. Chem. Soc., Dalton Tran200Q 3885-3896.

(69) Noro, S.; Kondo, M.; Ishii, T.; Kitagawa, S.; Matsuzaka JHChem. Soc.,
Dalton Trans.1999 1569-1574.

(70) Tong, M.-L.; Lee, H.-K.; Chen, X.-M.; Huang, R.-B.; Mak, T. C. \.

Chem. Soc., Dalton Tran4999 3657-3659.
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Figure 4. (a) ORTEP drawing around a Cu(ll) center®PPF-2H,0 at the 30% probability level. The hydrogen atoms are omitted for clarity. Selected
bond distances (A): Cu(HN(1) = 2.028(2), Cu(1}N(2) = 2.023(2), Cu(1)O(1) = 2.320(5), Cu(1}F(1) = 2.676(4). (b-d) View of the microporous
network of5-2PFs-2H,0 along theb- (b), c- (c), anda-axes. The free RF anions, guest D molecules, and the hydrogen atoms are omitted for clarity.

host network are observed. The crystal structure-@H,0-
4EtOH is similar to that o#4-2H,0-4EtOH.

Crystal Structure of {[Cux(PFe)(NO3)(4,4-bpy)s]-2PFs
2H0}, (5°2PFs2H,0). An ORTEP view around a Cu(ll)
center of 5-2PF+2H,0 is shown in Figure 4a with the

Cu---Cu bridging distances of N and Pk~ anions are
different from each other (GttNOz-+-Cu distance= 6.807 A;
Cur++PFs*+-Cu distance= 8.506 A), the 2-D sheets of [Cu(4;4
bpy)]n undulate as shown in Figure 4c. This network provides
channels with dimensions of ca.x77 A2 along theb-axis, ca.

numbering scheme. The Cu(ll) atom has an elongated distortedé x 3 A2 along thec-axis, and ca. 6« 2 A2 along thea-axis as

octahedral environment with four 4;Bpy nitrogen atoms in
the equatorial plane and one oxygen atom of the;N@nion
and one fluoro atom of the BF anion in the axial sites. The
Cu—F distance (2.676(4) A) is far longer than the -6D
distance (2.320(5) A), indicative of a weak coordination ability
of the Pk~ anion. Interestingly, the CuF distance 0b-2PFs:
2H,0 is longer than those dfa-:8H,0 (2.357(3) A) andRa:
8H,0 (2.320(5) A), exhibiting that the interaction of &u--F
could be modulated for infinite networks even though the
principal origin is electrostatic.

The 4,4-bpy ligands bridge Cu(ll) ions to form a 2-D network
of rhombus grids with the corner angles of ca® @d 94 as
shown in Figure 4b. The layers are linked alternately withisNO
and Pk~ anions by coordination bonds to give a 3-D structure
without interpenetration 3:D Undulated Grid. Since the

2576 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

shown in Figure 4bd. The 3-D network o6-2PR;2H,0 is
very similar to those ofla-8H,O and 2a-8H,0, but the
remarkable difference is the valence of the counteranions. In
la-8H,O and 2a-8H,0, the 2-D sheets are bridged by the
dianions (SiZ~ or GeR?") to form a neutral 3-D network. On
the other hand, the 2-D sheets ®PPF-2H,0 are linked by
the monoanions (N& and PE™) to afford a cationic 3-D
network of [Cu(PFs)(NOs)(4,4-bpyk]n2t. Thus, the additional
metal-free anions RF are contained in the channels, which
are located near the bridging NOanions, and the effective
channel sizes are ca.» 3 A2 along theb-axis and ca. 3« 3
A2 along thec-axis. As a result, 3 mol of RF and 1 mol of
NO;3;~ per 1 mol of5-2PR-2H,0 exist in the crystal. The IR
stretching bands of both RFand NG~ anions are observed,
consistent with the structure. The guesiCHmolecules sit in
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Figure 5. (a) ORTEP drawing around a Cu(ll) center@2MeCN at the
30% probability level. The hydrogen atoms are omitted for clarity. Selected
bond distances (A): Cu(HN(1) = 2.055(3), Cu(1}N(2*) = 2.044(3),
Cu(1)-N(3) = 2.028(3), Cu(1yN(4**) = 2.021(3), Cu(1yN(5) = 2.399-

(5), Cu(1)-F(3) = 2.583(3) [Symmetry Code: ("} — 1,y, Z, (**) X, ¥ —

y, =Y, + Z). (b and c) View of the microporous network 6f2MeCN
along theb- (b) anda- (c) axes. The free RF anions, guest MeCN
molecules, and the hydrogen atoms are omitted for clarity.

the channels with a distance of on average 4.00 A for the
bridging Pk~ anions. No bonding interaction is observed
between the 3-D network and,& molecules. It is worth noting
that5-2PR-2H,0 is the first example which has a mixed-pillar
structure.

Crystal Structure of {[Cu(PFg)(4,4-bpy)2(MeCN)]-PFg-
2MeCN}, (6:2MeCN). An ORTEP view around a Cu(ll) center
of 6:2MeCN is shown in Figure 5a with the numbering scheme.
The Cu(ll) atom has an elongated distorted octahedral environ-
ment with four 4,4-bpy nitrogen atoms in the equatorial plane
and one nitrogen atom of the MeCN and one fluoro atom of
the PR~ in the axial sites. The GuF distance (2.583(3) A) of
6-2MeCN is apparently shorter than thatse2PFs-2H,0 (2.676-

(4) A), associated with the terminal coordination mode of the
PR~ anion.

The 4,4-bpy ligands bridge Cu(ll) ions to form a 2-D network
of rhombus grids with corner angles of ca.°&hnhd 93. No
significant bonding interactions are observed between the 2-D
sheets except for a short-H contact with the distance (2.879-
(8) A) of coordinated PE anions in the neighboring sheets.
The F--F contact is comparable to that of agelid,’* implying
the presence of a weak interaction between the 2-D sheets. These
layers mutually slide to form small channels with dimensions
of ca. 3x 4 A% along theb-axis and ca. 3x 2 A2 along the
a-axis as shown in Figure 5b and c. These channels are filled
with free PR~ anions, which show no interactions with the host
network. Two free guest MeCN molecules are located between
the 2-D layers and in the channels, respectively.

Participation of PF¢~ Anion in Frameworks. Three types
of participation of PE~ anion are observed in the frameworks.
The first is coordination-free type, which is usual phenomena
for coordination polymers containing PFanions reported so
far. The second is bridging type, which is first observed in
complex5-2PFs:2H,0. The third is terminal coordination type
(6:2MeCN), whose examples are still sparse to d&té& The
PR~ anion has poor coordination ability for usual transition
metal ions, hardly providing complexes with a direct bond
between a metal atom and a fluorine atom. In the case of Cu-
(1) complexes, which undergo JahiTeller distortion and give
a (4+ 2) coordination environment, BFanions could occupy
the axial sites of the Cu(ll) ion. This finding i&-2PF-2H,0
indicates that the RF anion is also effective for the construction
of the 3-D porous network as well as &F (A = Si, Ge) anions
in the Cu(ll)/4,4-bpy systent® The evaluation of the porous
properties is mentioned below.

Coexistent Effect of Counteranions in Porous Coordina-
tion Polymers Containing PR~ Anions. For the synthesis, Cu-
(PFs)2 could not be utilized because it was not commercially
available. Therefore, the mixture of NPIR; with appropriate
Cu salt such as Cu(Clp-6H,0, CuSQ-5H,0, Cu(BF)2-xH,0,
and Cu(NQ)2-3H,0 was used as a starting salt. The frameworks
of obtained complexes are considerably dependent on the
combination of anions. A summary is shown in Scheme 2. When
Cu(ClQy)2-6H,0 and NHPFR; were employed in the reaction
with 4,4-bpy ligand in a HO/EtOH solution, the cationic
coordination polymer4-2H,0-4EtOH, containing both Clgy
and Pk~ anions at the 1:1 ratio was selectively obtained. The
coexistence of counteranions is checked by the IR measurement,
which shows the peaks of both 1115 and 843 Eassigned to
stretching bonds of CIQ and Pk, respectively. However, a
combination of Cu(Bk)2*xH,0 or CuSQ-5H,0 with NH4PFs
in a HO/EtOH solution afforded isostructural cationic coordina-
tion polymers3:2H,0-4EtOH. In this compound, only RF
anions are clathrated in the channels, in contrast to the case of
Cu(ClQy)2:6H,0. When the Cu(Ng)2*3H,O and NHPF; were
used in a HO/EtOH solution, the cationic 3-D coordination
polymer5-2PFs-2H,0 containing both N@ and Pk~ anions
at the 1:3 ratio was formed. Interestingly, both bridged and free
PFs~ anions occur at the 1:2 ratio. A combined action of solvent
molecules and anions was observed in the ¥, system.

(71) Greenwood, N. N.; Earnshaw, Zhemistry of the Element&nd ed.;
Butterworth-Heinemann: Oxford, 2001; p 803.

(72) Yamamoto, Y.; Aoki, K.; Yamazaki, Hnorg. Chim. Actal983 68, 75—

78.

(73) Dartiguenave, M.; Dartiguenave, Y.; Mari, A.; Guitard, A.; Olivier, M. J.;

Beauchamp, A. LCan. J. Chem1988 66, 2386-2394.

(74) Honeychuck, R. V.; Hersh, W. Hnorg. Chem.1989 28, 2869-2886.
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Both MeCN and PF anions are coordinated to Cu(ll) atoms
to give a 2-D coordination polyme6-2MeCN with both
terminal-coordinated and free PFanions. However, in the
absence of MeCN7 forms preferentially. On the basis of this,
the combination of anions in a certain solvent provides a variety
of infinite frameworks even for the simple Cu(ll) ion and '4,4
bpy system, indicating that the framework is designable and
controllable. Crystalline frameworks depending on a single anion
have so far been reportét 8! and, in addition, the finding on
framework transformation by the combination of anions makes
crystal engineering by anions promising.

Framework Stability. The stability of porous networks was
studied by XRPD measurements and thermal gravimetric
analyses (TGA). The XRPD pattern of dehydrated sample can

be reproduced by simulation based on the single-crystal data

with no crystallized water molecules. The TGA datd.afxH,O
reveal that the guestJ® molecules are removed until ca. 100
°C and the decomposition of the porous framework is observed
up to ca. 150C°C. The XRPD pattern was measured at 200

under vacuum. The good agreement of the peaks in both the

25 T T T T

20

10

A/ mmol.g”

O 1 1 ] 1
0.4 0.8

P/P,
Figure 6. Adsorption isotherm ofla obtained with an argon gas in the
relative pressure range from 0o 1 at—185.7°C (A = absolute adsorption
(mmol gb)).

1.0

in the atmosphere. The XRPD pattern of this replaced complex
6-3H,0 was measured, and the good agreement of peaks in both

simulation and the observed pattern demonstrates that the porou§imulation and observed patterns at room temperature demon-

network is retained in the absence of any guest molecules in
the channels. Similar results were observedanxH,0. Further
evidence for the stability of the framework was obtained by
heating the solvated crystals:8H,0 at 80°C for 1 h, which

had no effect on either their morphology or their crystallinity.

The cell parameters obtained are unaltered relative to those ) ‘ :
t. carried out in the relative pressure range fronT8@ 1 at

found for the unheated solvated crystals, illustrating the robus
ness of the framework in the absence of guest mole&alElis
heated samplé[Cu(Sik)(4,4-bpy)]-5H,0}, (10-5H,0) in-
cludes 5 mol of HO molecules per 1 mol of the Cu(ll) atom.

This is because moisture in the atmosphere promotes readsorp

tion of HO in the vacant channels. The readsorbesDH
molecules are also located in $iF layers and incorporated in
a linear fashion along tha- andb-axes.

In other porous compounds, ong*2MeCN showed the
replacement of three4® from two MeCN, resulting irf6-3H,0.
Therefore, we examined the framework stability of this replaced
compoundin detail. Fo8-3H,0, the TGA data show three steps
of weight loss. First, at the region from room temperature to
70 °C, 6-3H,0 loses three bD molecules. Immediately, the
coordinated MeCN molecule is released from the host network
between 70 and 127C, and the decomposition of the host
network is observed up to 20C. The elemental analysis, IR,

and TGA measurements reveal that guest MeCN molecules of

the complex6-2MeCN are easily replaced by,8 molecules

(75) Withersby, M. A.; Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W.
S.; Schider, M. Angew. Chem., Int. Ed. Endl997, 36, 2327-2329.

(76) Hirsch, K. A.; Wilson, S. R.; Moore, J. $1org. Chem1997, 36, 6, 2960~
2968.

(77) Carlucci, L.; Ciani, G.; Macchi, P.; Proserpio, D. M.; RizzatoCBem-
Eur. J.1999 5, 237-243.

(78) Wu, H.-P.; Janiak, C.; Rheinwald, G.; Hang, H.Chem. Soc., Dalton
Trans.1999 183-190.

(79) Janiak, C.; Uehlin, L.; Wu, H.-P.; Kiers, P.; Piotrowski, H.; Scharmann,
T. G.J. Chem. Soc., Dalton Tran$999 3121-3131.

(80) Blake, A. J.; Champness, N. R.; Cooke, P. A.; Nicolson, J. E. B.; Wilson,
C. J. Chem. Soc., Dalton Tran200Q 3811-3819.

(81) Brooks, N. R.; Blake, A. J.; Champness, N. R.; Cunningham, J. W.;
Hubberstey, P.; Teat, S. J.; Wilson, C.; Saen M.J. Chem. Soc., Dalton
Trans. 2001, 2530-2538.

(82) The heated single-crystb-5H,0 was ana}i/zed at100°C: Tetragonal,
space grouP4/mmmwith a = 11.0449(6) Ac = 8.055(1) A,V = 982.6-

(1) A3, Z = 1, p(calcd)= 1.027 g cm3, F(000) = 311.00,u(Mo Ka) =
6.40 cnt?, no. of obsd data 447, no. of variables= 44, R(l > 2.0Q(1),
all data)= 0.1231, 0.1529R, (I > 2.0Q(l), all data)= 0.1557, 0.1609,
GOF = 2.250.
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strates that the porous network is retained after the replacement
by H,O molecules in the atmosphere.

Gas Adsorption Properties of 3-D Porous Coordination
Polymers (1a, 2a, and 5L.4PR+0.6NO3). The 3-D porous
coordination polymerda and?2a are useful for the adsorbtion
of several gases. Fdm, the argon adsorption experiment was

—185.7°C (Figure 6). This compound shows an isotherm of
type |, indicative of a typical microporous compound. The
isotherm displays a rapid rise at low relative pressure followed
by a monotonically increasing curve. This is attributed to the
uniform micropore, characteristic of metadrganic frameworks.
The micropore filling of vapors is well described by the
following Dubinin—Radushkevich (DR) equation:

[IN(W/W)1** = (RTIBE)(IN(Py) — In(P)) )

Here the parametel® andW, are the amount of adsorption at
P/P, and the pore volume, respectivel§E, is the adsorption
potential, in whichf and Eq are the affinity coefficient and
characteristic adsorption energy, respectively. The DR plot is
almost linear in the highelP/Py region, giving the micropore
volume Wy 16.9 mmol g! and fE; = 10.3 kJ motl,
Furthermore, thggE, leads to the isosteric heat of adsorption
Ostg=1/e At the fractional filling of 1¢ by the following equation:

qst¢:1/e = AHv + ﬂEO (2)

whereAH, is the heat of vaporization of bulk liquid. Thigs=1/e
value is 16.8 kJ motft, whose value is comparable with those
of porous coordination polymers [Cu(dicarboxylage)dicar-
boxylate = fumarate, terephthalate, arithns-1,4-cyclohex-
anedicarboxylate}?

The surface area and pore size distribution 1af were
calculated from argon gas adsorption—&t85.7°C according
to the BET equation and HorvaitiKawazoe (HK) method3
respectively. The differential pore volume plot, represented by
the HK method, shows a single sharp peak around 8 A. This
compound possesses quite a uniform square pore $3A2),

(83) Horvath, G.; Kawazoe, KI. Chem. Eng. Jprl983 16, 470-475.
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9 T ™ T T at high pressure ida (ca. 6.5 mmol gt at 36 atm) is much
larger than that of zeolite 5A (ca. 3.7 mmotlgat 36 atm). At
e o 0 0o 0 0 o’ 36 atm, the density of methane adsorbed.@ifor micropore

2" " °° volume is 0.21 g mEL. The density of the compressed methane
- L 1 gas at 27C and 280 atm (0.16 g mil) is almost the same as
%’ that of 1a at 25°C and 36 atm, indicative of a concentration
E effect by strong micropore filling in the cavities. The high-
3 4r | pressure adsorption of supercritical methane in the micropore

field has been studied with the following extended DR
equationg®.87

[IN(WMW)T™2 = (RTIBEQ)(In(Pyg) — In(P)) ®3)

o 1 1 L e
0 0.4 0.8 1.0

P/P,

Figure 7. Adsorption isotherm 05-1.4PF-0.6NO; obtained with nitrogen
gas in the relative pressure range front® 0.9 at—196°C (A = absolute
adsorption (mmol gb).

Here the parameterdf and Poq are the inherent micropore
volume and the saturated vapor pressure of the quasi-vaporized
supercritical methane, respectively. The large inherent micropore
volume W, of 10.0 mmol g! is obtained from the Langmuir
plot. This isotherm is well explained by this extended DR

7 . . T . T T equation. The obtained paramet8E andPqq are 8.0 kJ moit
. ° and 284 atm, respectively. The porous compoRadimilar to
6 (@) . " laalso adsorbs a large amount of the methane gas (ca. 6.0 mmol
: g ! at 36 atm). The obtained paramet®¥s, SEo, andPyq are
- I ¢ (b 1 9.47 mmol g?, 8.0 kJ mot?l, and 290 atm, respectively,
2 4l . l comparable to those dfa. Thegs;,—ye value of 16.2 kJ mott,
E . (d) . calculated from eq 2, is similar to those of activated carbon
< | .« ° y (17.6 kJ mot1),88 activated carbon fibers (3718 kJ mot2),86
< * e
: and the porous coordination polymer [{I8dO3)4(azpy}]n (16.3
2r . * © ] kJ molt) (azpy = 4,4-azopyridine)® However, thegsts—1/e
1 R s s values ofla and 2a are apparently smaller than that of [Co-
"‘ Lt | (NCS)(azpy)]n (20.2 kJ mot?),2® because the interpenetrated
0 at . . . , X . coordination polymer [Co(NC&azpy}], affords very small
0 10 20 30 40 channels (ca. 3 3 A?) and has a deeper potential well than
P/ atm those ofla and 2a. The 3-D cationic porous coordination

) . olymer5-1.4PF-0.6NG; also contains small channels 43

Figure 8. Adsorption isotherms of (ala, (b) 2a, (c) 5-1.4Pk-0.6NGs, p . .

and (d) zeolite 5A, obtained with a methane gas between 1 and 36 atm atA?and ca. 3x 3 A?). This dried sample adsorbs a small amount

25 °C (A = absolute adsorption (mmol§). of the methane gas (ca. 1.4 mmofl'@t 36 atm). The parameters
o ] ~ obtained from the Langmuir plot and the extended DR equation

which is in fairly good agreement with the crystallographic \y; g, and Poq are 1.58 mmol g, 8.8 kJ mot?, and 146

structure. This plot also shows that argon molecules cannot passytm, respectively. Thegsis=ve value of 17.0 kJ molt is

through the rectangular pore ¢62 A?) at—185.7°C because comparable with those dfa and2a.

of the larger diameter of argon. The specific surface area from Micropore filling of argon, nitrogen, and supercritical methane

argon adsorption is calculated to be 1337 gn'. is physical adsorption enhanced by the micropore field and has
The nitrogen adsorption measurementSef.4Pk:-0.6NG; a greater heat of adsorption than typical physical adsorption on
was carried out in the relative pressure range fromP16 0.9 the flat surface by several kJ mél Therefore, the enhancement

at—196°C (Figure 7). This also shows a typical isotherm of ot the micropore filling strongly depends on the micropore width

type I for microporous compounds. The rapid rise at low relative anq shape. For instance, the cross section of a channel illustrates

pressure followed by a monotonically increasing curve indicates e adsorption capacity for which the sizex44 A2 is well-

a uniform micropore. From egs 1 and 2, the values\gf= suited and thus has a larger affinity for a methane molecule

6.5 mmol gly_ BEo = 10.1 kJ mot™, and Qstp=1/e = 15.7 kJ than that of 12x 12 A2 However, the size of 1% 12 A?is

mol~* are estimated. The value of the specific surface area of rg|evant for the adsorption capacity because of the large porosity.

5-1.4PF-0.6NGs, which is calculated from the BET equation,  as mentioned above, coordination polymers can easily afford

is 559 nf g~*. channels of nanometric size by crystal engineering, potentially
The methane adsorption experimentdafand2awere also being a good candidate for a new adsorbent.

carried out in comparison with zeolite 5A, which has the highest Crystal Engineering by Anions for Cu(ll)/4,4'-bpy Frame-

methane adsorption capacity in zeolit8:¢>Figure 8 shows  \yoris. The framework construction and conversion accompa-

the isotherms for the methane adsorption in the pressure rangeg,ieq by anion-exchange are listed in Scheme 4.

between 1 and 36 atm at 26. The methane adsorption quantity

(86) Kaneko, K.; Murata, K.; Shimizu, K.; Camara, S.; SuzukiL@ngmuir
(84) Zhang, S.-Y.; Talu, O.; Hayhurst, D. J. Phys. Chem1991, 95, 1722- 1993 9, 1165-1167.
1726. (87) Kaneko, K.; Murata, KAdsorption1997, 3, 197—208.
(85) Zuech, J. L.; Hines, A. L.; Sloan, E. Ind. Eng. Chem. Process Des. (88) Agarwal, R. K.; Schwarz, J. Al. Colloid Interface Sci1989 130, 137—
Dev. 1983 22, 172-174. 145.
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Scheme 4
1-D Chain
{[Cu(S04)(4,4"-bpy)(H20)3]-2H,0} , (8:2H,0 and 8')
pale sky-blue or green(c)

\\//i

NV W i
i

7N

(NH)oSiF® (NH,)280,4 (NH4)280,

(NH,),SiFg®

2-D Interpenetration ﬁ
B {[Cu(4,4"-bpy)x(H,0),]-SiFg}, (1b)

e sky-blue 2-D Grid
3 ;_T Grid {[Cu(4,4"-bpy)a(H20),1-2PFe}(9)
=i egu ar Gri purple
{[Cu(SiFg)(4,4'-bpy),]-8H, 0}, (12-8H,0)
purple (a) under the presence of 1b

(b) under the absence of 1b
(c) obtained from the reaction of 9 with (NH4)2S04

Several anion-exchangeable porous coordination polymerswell demonstrated in Figure 10a and b, indicating that the initial
have so far been reporté# 3> in which the microporous compound is transformed to a new type of network including
frameworks are maintained during the anion-exchange, thusSQ,?~ instead of Sik?~. Surprisingly, the XRPD pattern of the
called the second generation compounds. The anion-exchangeesultant compound is quite similar to that of 1-D polyrpu-
properties ofLb and2b were investigated, illustrating the third  (SQy)(4,4-bpy)(H:0)3]-2H.0} » (8:2H,0) reported previous!§?
generation systerh. This is shown in Figure 10b and 8:2H,0 affords linear 1-D

Microcrystals ofLb were immersed in a (NPLGeF; (excess) chain structures of [Cu(S{4,4-bpy)(H:0)s]n, which form
solution for a few days. Although the color of the compound layers parallel to theb-plane and stacking along treeaxis.
remained unchanged, the IR spectrum clearly shows a decreas@djacent layers are rotated by 6@ produce triangle cavities
in the intensity of the Sig2~ bands (748 and 480 cr¥) and an with dimensions of ca. 3 A. The S& dianions, which weakly
increase in the intensity of a G&F band (561 cm?), indicating interact with Cu(ll) ions, and free #0 molecules occupy these
that the compound has partially undergone the anion-exct¥nge. triangle channels. The elemental analysis indicates that the ratio
This compound maintains crystallinity during the anion- of startinglb and resultan8-2H,0 is ca. 3:7° The complete
exchange process as illustrated by sharp peaks observed in theonversion under the condition was not attained. Furthermore,
XRPD pattern, which is in a good agreement with that of a when the mixture was immersed in a® solution containing
original samplelb as shown in Figure 9. The complete exchange 4,4-bpy and an excess amount of (WkSiFs, microcrystals of
of the counteranion is not attained. This is possibly becauseonly 1b came back as illustrated in Figure 10d.
the GeFR?~ anion is larger than S~ and is readily trapped in Interestingly, when the pure sample®2H,0 was immersed
the channel near the surface by hydrogen bond. Therefore,in a H;O solution containing 4,40py and an excess amount of
interpenetration into a deeper region of the anion is prevented. (NH,4),SiFs, the color immediately changed from pale sky-blue
Indeed, no anion-exchange from Gé&Fto SiRs2~ occurred in to purple, indicative of the quick transformation to the 3-D
2b. network 1a-8H,O. The IR data reveal that the position of a

On the other hand, intriguing phenomena were observed in SiFs?2~ band (741 cm?) is similar to that ofla-8H,0, and the
the case of S@~ or PR~ anions. When the S@- dianion was XRPD pattern of the resultant compound is in good agreement
employed for microcrystals dfb, the color changed from sky-  with that of 1a:8H,O as shown in Figure 11c. This result is
blue to pale sky-blue. The phenomenon was monitored by EA, apparently different from that of the mixed compoundslbf
IR, and XRPD measurements. The compound appears toand 8-2H,0O. Further stirring of this suspension causes a
maintain crystallinity during the anion-exchange process as conversion of the 3-D network ofa-8H,O into the 2-D
illustrated by sharp peaks in the XRPD pattern, but the peak interpenetrated network ofb. A similar phenomenon was
pattern is different from that of the initial sample 4. This is observed by using the (Nj3GeFs dianion instead of the (Nhb-

(89) Anal. Calcd for{[Cu(4,4-bpy)(H.0):]-0.2SiF+0.8Gek-0.6H,0}y: C, (90) Anal. Calcd for {b)o248:2H:0)72 C, 34.37; H, 4.18; N, 8.02. Found:
40.01; H, 3.56; N, 9.33. Found: C, 39.85; H, 3.63; N, 9.36. C, 34.21; H, 3.74; N, 8.06.
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Figure 9. XRPD patterns oflb ((a) simulation and (b) observed patterns)
and (c) solid obtained by immersirid in a H;O solution containing an
excess amount of (NhbGeFs.

SiFs dianion®! On the basis of this, the structural transformation
from 8-2H,0 to 1a-8H,0 (or 2a-8H,0) first occurs, then finally
1b (or 2b) is completed by use of the SfSiFs anion system.

It is worth noting that the PF anion also promotes a

Figure 10. XRPD patterns of (alb, (b) solid obtained by immersingb

in a HO solution containing an excess amount of @USQ4, (c)
superposition olb and8-2H,0 (simulation patterns), and (d) solid obtained
by immersing the partially exchanged sample inz®ts$olution containing
the 4,4-bpy ligand and excess amount of (NbSiFs.

sky-blue). The IR measurement &fshows the disappearance
of the intense PF band (843 cm?) and the appearance of an

framework transformation, whose phenomenon was monitored equally intense Sg~ band (1107 cm?). The EA and XRPD
by EA, IR, and XRPD measurements (see Experimental measurements reveal that the structur®a$ quite similar to

Section). In Scheme 4, the treatmenflbfwith NH4PF; solution
affords{[Cu(4,4-bpy)(H20),]-2PFs} (9), clearly showing the
disappearance of intense §iFbands (748 and 480 cr#) of

1b and the appearance of an equally intensg"H¥and (843
cm~1). Concomitantly, the color of the compound turned from
sky-blue to purple. Compound represents an XRPD pattern
with rather broad peaks, clearly different from the original

pattern as illustrated in Figure 12a and b. The 2-D interpen-

etrated framework otb was well reproduced by immersirgy

in agueous solution with an excess amount of {NBiFs

(Figure 12c¢). In this sense, the transformation is reversible.
A reversible transformation betwee$t2H,O and 9, ac-

that of 8-2H,0, representing a 1-D chain structure. Compound
9 formed again whe®' was immersed in a #D solution with
the 4,4-bpy ligand and an excess amount of M. The
difference of the color ir8-2H,0 and8' is probably due to the
difference in strength of the CtO (SQ)) bond. Each Cu(ll)
ion in 8-2H,0 has a distorted octahedral environment with two
nitrogen atoms of 4:4opy ligands (2.044 and 2.049 A) and
two oxygen atoms of kD molecules (1.952 and 1.976 A) in
the basal plane and one oxygen atom of,®tholecule (2.207
A) and one oxygen atom of a SO dianion (2.673 A) in the
axial sites. The UV-vis spectra show that the-dl transition

of the Cu(ll) ion in8' (green) appears at a higher energy (703

companying the anion exchange, was also observed. When theéim) than that 08-2H,0 (sky-blue) (712 nm), associated with

pure sample 08-2H,0O was immersed in a # solution with
the 4,4-bpy ligand and an excess amount of N, the
compound9 was obtained. In contrast, whé&was immersed
in a HO solution with an excess amount of (WBQ,, the
resultant solid8', was green and different fro®2H,0O (pale

(91) The partially exchanged compourih)(8-2H,0);—x was not obtained from
the reaction of2b with an excess amount of (N[4SO, Therefore, we
prepared the partially exchanged compound artificially (the molar ratio,
2h:8:2H,0 = 3:7).

the different mode in coordination of SO between8 and
8-2H,0.

However, wher2b was immersed in aqueous solution in the
presence of an excess amount of g¥8iFs, NH4PFs, or (NH)2-
SOy, no anion-exchange occurred. This is associated with the
size of GeR?~ anions; the anion is too large to go through the
small channel windows (ca. 2 2 A2).

The reversible structural conversions induced by anions in
this manuscript are unique and useful for framework design.
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Figure 11. XRPD patterns of pur8-2H,O ((a) simulation and (b) observed
patterns), (c) purple solid immediately obtained by immersing Bt2el,O

in a HO solution containing the 44py ligand and excess amount of
(NH.),SiFs, and (d) sky-blue solid obtained by long immersing pére
2H,0 in a KO solution containing the 44py ligand and an excess amount
of (NH4)25iF5.

Recently, one example has been repoffeih which the
structural conversions happen by slight movement of CN

substituent groups of the ligand. In contrast, the anion-exchange

in this work shows drastic reversible structural transformations
among the 3-D networKla-8H,0, the 2-D interpenetrated
framework 1b, the 1-D chain8-:2H,O and 8, and the 2-D
noninterpenetrated framewog& with Cu—N (4,4-bpy) bond
formation and cleavage. These four types of complexes incor-

porate the anions in different modes as shown in Scheme 5.

The SiR?~ dianions inla-8H,O become incorporated between
the Cu(ll) centers by coordination bonds, while the ¢3iF
dianions inlb are not coordinated to the Cu(ll) ions but are
linked with coordinated KD molecules by hydrogen bonds. The
SO~ dianions in8-:2H,0 and8' are ligated to the Cu(ll) ions
by coordination bonds in the monodentate fashion. Thg PF
anions in9 are probably coordination-free, because each Cu-
(1) center is coordinatively saturated by four nitrogen atoms
of 4,4-bpy ligands and two oxygen atoms ob® molecules.
Furthermore, it is worth noting that these Cu-4ypy polymers
can incorporate counteranions (&F (A = Si, Ge), Pk, and
SO27) with various sizes and charges by changing the overall

Figure 12. XRPD patterns of (alb, (b) solid obtained by immersingb
in a H,O solution containing an excess amount of /&R, and (c) solid
obtained by immersing the exchanged sample in@ Bblution containing
an excess amount of (NHSiFs.

ably depend on counteranions, which are, therefore, regarded
as the framework-regulator.

In the anion-exchange process observed in this manuscript,
not only the micropore width and shape but also the electrostatic
affinity between Cu(ll) ions and counteranions are important
factors governing the drastic structural transformation. In
addition, the competition for the Cu(ll) sites between counter-
anions and coordinated guest moleculegdhinolecule in this
case) makes the behavior of the anion-exchange fruitful.

Conclusions

On the basis of a combination of Cu(ll) ion and'4ppy, a
variety of coordination polymer frameworks were created by
using the framework-regulator AFanions. The obtained
frameworks ar8&-D Regular Grid(1a:8H,0 and2a-8H,0), 2-D
Interpenetration(1b and 2b), 2-D Double-Layer (3-:2H,0-
4EtOH and4-2H,0-4EtOH), 3-D Undulated Grid (5-2PFs-
2H,0), and 2-D Grid (6-:2MeCN and7). The 3-D porous
coordination polymersla-8H,0, 2a-8H,0, and5-2PFks-2H,0,
afford rigid microporous channels with dimensions of cax 8
8 A2 and 6x 2 A2 for 1a-8H,0 and2a:8H,0, and ca. 4x 3
A2and 3x 3 A2for 5:2PFR2H,0. These compounds show the
high adsorption ability for the methane gas (second generation

structures; in a sense, we can regard this as an anion receptocompounds), illustrating that the van der Waals mechanism

having flexible Cu(ll)-4,4bpy frameworks. These results also
reveal that the structures in the Cu(ll)-4bpy system consider-
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operates well in the case of microporous coordination polymers.
It is worth noting that the selection of AFanions as the
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framework-regulator in the Cu(ll)/4;bpy system is of signifi- has a rare mixed-pillar structure. All the structures strongly

cance for the construction of 3-D porous networks. Interestingly, depend on counteranions with the aid of guest solvents.
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