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Abstract: Coordination polymers based on Zn(ll)-4,4'-bipyridine (Zn-bipy) frameworks containing pyrene
intercalated between adjacent layers and aromatic solvent molecules enclathrated within the framework
cavities have been prepared and characterized for the first time. These compounds are highly fluorescent,
and show broad, featureless emission spectra significantly red-shifted relative to pyrene monomer
fluorescence; this has been assigned to pyrene-bipy exciplex emission. Single-crystal X-ray structural
analysis shows that the presence of the aromatic solvent molecule within the cavities has a profound effect
on the architecture of these frameworks: in the case of benzene, toluene, p-xylene, and chlorobenzene,
the Zn-bipy framework consists of 1-D ladders, whereas in the case of o-dichlorobenzene (the largest
solvent guest), the framework was based on a 2-D square grid. This difference in stoichiometry and
architecture was also reflected in significant differences in the fluorescence of these coordination polymers,
with three of the four compounds with 1-D ladder geometries having similar fluorescence maxima (ca. 520
nm) and lifetimes (ca. 70 ns), whereas the compound with square grid topology had a significantly blue-
shifted maximum (ca. 460 nm) and shorter lifetime (ca. 42 ns). It is proposed that exciplexes form upon
excitation of ground-state complexes, involving face-to-face bipy/pyrene complexes (7—m stacking
interactions) in the case of the 1-D ladder structures, but edge-to-face bipy/pyrene and pyrene/o-
dichlorobenzene complexes (C—H---xr interactions) in the case of the 2-D square grid structure.

Introduction materials> Coordination polymer nodes are ideally suited for
being used as “bricks” for the generation of self-assembled
structures for the following reasons: they are invariably based

upon previously reported discrete coordination compounds; they

Coordination polymers have been the subject of a great deal
of attention in recent yeafsTo a certain extent this interest is
a consequence of the realization that coordination polymers
provide chemists with a degree of control over solid-state
structure and properties. In a sense, it can be asserted that
chemists have discovered how to play a form of molecular Eego
in which metal cations represent the bricks (or nodes) and
organic ligands represent the glue (or spacers). The “node-and-
spacer” approach to self-assembly can be invoked in such a
manner that a plethora of infinite architectutresid discrete (Esfr’g‘z?#%egﬂzo'g;ﬂfnguerOO?a 423 705. (h) Zaworotko, M. JCryst.
polyhedré& can be generated from geometric principles, some (4) (a) MacGillivray, L. R.: Atwood, J. LNature 1997, 389, 469-472. (b)
of which are unprecedented in either natural or synthetic gf;fg‘le'r\fyu'\ﬁ’ Bﬁfgte;né’cg_eghsnﬁl kge?éggqll%‘g 8%%3%0%9) ('aﬁ'g'gi%%rl'
S. R.; Stang, P. JAcc. Chem. Re2002 35, 972-983. (e) Fujita, M.;

Umemoto, K.; Yoshizawa, M.; Fujita, N.; Kusukawa, T.; Biradha@kem.
Commun2001, 509-518. (f) Caulder, D. L.; Raymond, K. Mcc. Chem.

(3) (a) Wells, A. FThree Dimensional Nets and Polyhepvdiley: New York,
977. (b) Wells, A. F.Further Studies of Three-Dimensional Nets
Monograph 8; American Crystallography Association: Pittsburg, PA, 1979.
(c) Wells, A. F.Structural Inorganic Chemistrybth ed.; Oxford University
Press: Oxford, 1984. (d) Abrahams, B. F.; Hoskins, B. F.; Robsod, R.
Am. Chem. Socl199], 113 3606-3607. (e) Fujita, M.; Kwon, Y. J.;
Washizu, S.; Ogura, KJ. Am. Chem. Sod994 116, 1151-1152. (f)
Batten, S. R.; Hoskins, B. F.; Robson, hem. Communl991, 445—
447. (g) Yaghi, O. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K

#University of Prince Edward Island.
* University of South Florida.

(1) (a) James, S. LChem. Soc. Re 2003 32, 276-288. (b) Robin, A. Y.;
Fromm, K. M. Coord. Chem. Re 2006 250, 2127-2157. (c) Moulton,
B.; Zaworotko, M. JChem. Re. 2001, 101, 1629-1658. (d) Rowsell, J.
L. C.; Yaghi, O. M.Microporous Mesoporous Mate2004 73, 3—14. (e)
Kitagawa, S.; Kitaura, R.; Noro, SAngew. Chem., Int. EQ2004 116,
2388-2430. (f) Janiak, CJ. Chem. Soc., Dalton Tran2003 14, 2781~
2804.

(2) (a) Mathias, J. P.; Stoddart, J.Ghem. Soc. Re 1992 21, 215-225. (b)
Ashton, P. R.; Brown, G. R.; Isaacs, N. S.; Giuffrida, D.; Kohnke, F. H.;
Mathias, J. P.; Slawin, A. M. Z.; Smith, D. R.; Stoddart, J. F.; Williams,
D. J.J. Am. Chem. S0d.992 114, 6330-6353.
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Res.1999 32, 975-982.

(5) (a) Wang, Z.; Kravtsov, V. Ch.; Zaworotko, M. Angew. Chem., Int. Ed.
2005 44, 2877-2880. (b) Eubank, J. F.; Walsh, R. D.; Poddar, P.; Srikanth,
H.; Larsen, R. W.; Eddaoudi, MCryst. Growth Des2006 6, 1453-1457.

(c) Moulton, B.; Abourahma, H.; Bradner, M. W.; Lu, J.; McManus, G. J,;
Zaworotko, M. JChem. Commur2003 1342-1343. (d) Feey, G.; Serre,
C.; Mellot-Draznieks, C.; Millange, F.; Surble, S.; Dutour, J.; Margiolaki,
I. Angew. Chem., Int. ER004 43, 6296-6301. (e) Cui, Y.; Ngo, H. L.;
White, P. S.; Lin, W.Chem. Commur2002 1666-1667. (f) Chui, S. S.
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l 1:2 i; |
gain precise control over cavities and channels, making them

c) l ;
particularly useful for selective sorption of small moleclfes;

coordination polymers can contain active chromophores in both 4., 1:1.5 1:1
components;and the presence of guest molecules can invoke
functionality or influence the properties of coordination poly- r1l;3

8
mers® " " o 9 =

In the context of coordination polymers, those that are Figure 1. Schematic representation for using metal “nodes” (red) and
sustained by 4;4ipyridine (bipy) spacers or extended versions organic “spacers” (blue) to construct 1-D, 2-D, and 3-D metabanic
of bipy (e.g., 4,4(1,2-ethanediyl)bis-pyridine and 4;@L,2- networks: (a) cubic; (b) cubic diamond; (c) hexagonal diamond; (d) square
ethenediyl)bis-pyridine) are among the earliest and most widely grid; (e) ladder; (f) zigzag; (g) helix.
studied class of coordination polymér¥hey can be prepared
from a wide range of metals, and they exhibit a rich degree of
superstructural diversity. For example, bipy has commonly been
coordinated to metals in 1:1, 1:1.5, 1:2, and 1:3 metal/ligand
ratios; 1:1 stoichiometry can afford molecular polygons or chains
(zigzag, linear, or helical); 1:1.5 stoichiometry can form 1-D
ladder structures; 1:2 stoichiometry can generate 2-D square
grid or 3-D diamondoid topologies; and 1:3 stoichiometry has
been shown to produce a 3-D cubic framework (Figure 1).

Previously, we reported the use of pyrene, a well studied
highly polarity-sensitive fluorescent probe as a guest molecule
to study the environment within metal-bipy coordination
polymers and to investigate how large aromatic guests can
influence the topology and/or crystal packing of coordination

can be afforded via self-assembly, which typically makes them
facile and inexpensive to synthesize, often in one-step with high
yield; such structures are inherently modular since they contain
at least two components, affording diversity of compositions 13
since both the node and the spacer can be modified without
loss of overall topology; open framework structures can be
designed from first principles, and the chemist can therefore

/

(6) (a) Latroche, M.; Surble, S.; Serre, C.; Mellot-Draznieks, C.; Llewellyn,
.L.; Lee, J.-H,; Chang J. S Jhung S. Hredye G.Angew. Chem Int.
Ed 2006 45, 8227-8231. (b) Kltaura R.; Fujimoto, K.; Noro, S.-I.; Kondo
M.; Kitagawa, SAngew. Chem., Int. anoz 41, 133—135. (c) Eddaoudi,
M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O.
M. Science2002 295 469-472. (d) Eddaoudi, M.; Li, H.; Yaghi, O. M.
J. Am. Chem. Soc200Q 122, 1391-1397. (e) Rosi, N. L.; Kim, J.;
Eddaoudi, M.; Chen, B.; O'Keeffe, M.; Yaghi, O. M. Am. Chem. Soc.
2005 127, 1504-1518.

(7) (a) Chandler, B. D.; 6tg A. P.; Cramb, D. T.; Hill, J. M.; Shimizu, G. K.
H. Chem. Commur2002 1900-1901. (b) Reineke, T. M.; Eddaoudi, M.; . . N
Fehr, M.; Kelley, D.; Yaghi, O. MJ. Am. Chem. Sod999 121, 1651 Figure 2. _Crysta_l structure of, the Zn—_blpy—pyrene—benzene coordination
1657. (c) Brandys, M.-C.; Puddephatt, RJJAm. Chem. So2001 123 polymer, illustrating: (a) the 1-D Zn-bipy ladder coordination polymer and
4839-4840. (d) Evans, O. R.; Xiong, R.-G.; Wang, Z. Y.; Wong, G. K.;  the single benzene included in each cavity; (b) the 2-D [(benzene)/(pyjlrene)
Lin, W. Angew. Chem., Int. EA.999 38, 536-538. (e) Zhao, B.; Chen, noncovalent network sustained by edge-to-faceHS -z interactions

;((')8(4; 52%82953S¢|i€§9§) Z;Yan, S. P.; Jiang, Z. Bl.Am. Chem. Soc.  (henzene and pyrene shown in gold and green, respectively); and (c)
(8) (a) Halder, G. J.; Ke ert. C. J.- Moubaraki. B.: Murray, K. S.; Cashion, J. interpenetration of the noncovalent network as shown in part b and the
D. Science2002 298 1762-1765. (b) Maspoch, D.; Ruiz-Molina, D.;  1-D Zn-bipy ladders (pictured in red and blue).
Wurst, K Domingo, N.; Cavallini, M.; Biscarini, .F.; Tejada, J._;_ Rovira,
g e e o a1 3500 5305 1) Bratia K- M polymerst! Resulting from the well-known ability of transition-

Y.; Fujita, M. Angew. Chem., Int. E@002 41, 3395-3398. (€) Matsuda, metal cations to quench the fluorescence emission of aromatic
R.; Kitaura, R.; Kitagawa, S.; Kubota, Y.; Kobayashi, T. C.; Horike, S.;

Takata, M.J. Am. Chem. So@004 126, 14063-14070. hydrocarbons the metal cation chosen for these studies was Zn-
9) % Slradht?,g.;A Sa(r:khar, M.; Ralp’t‘lt,eChegﬂ- &Omm'%fg%% élziz—ﬂgg- (1) as it possesses d%electronic configuration and therefore
arnett, s. A.; ampness, N. oord. em. . . . .

168. (c) Luo, J.; Hong, ,F\)A_; Wang, R.; Cao, R.: Han, L.; Lin, &ur. J. does not significantly quench the fluorescence emission of
Inorg. Chem2003 14, 2705-2710. (d) Rather, B.; Zaworotko, M. Chem. pyrene.
Commun2003 830-831. (e) Losier, P.; Zaworotko, M. Angew. Chem., . . . .
Int. Ed. 1996 35 2779-2782. (f) Biradha, K.; Domasevitch, K. V.; In this contribution we have prepared a number of Zn-bipy
Moulton, B.; Seward, C.; Zaworotko, M. Them. Commuri999 1327 i i _ _ i
1328. (g) Biradha, K.; Mondal, A.; Moulton, B.; Zaworotko, M.JJ.Chem. Coordln_atlon po_ly.mers of 1-D ladder and 2 D Sg_uare grld
Soc., Dalton Trans200Q 21, 3837-3844. (h) Moulton, B.; Rather, E. B.; topologies containing pyrene guest molecules in addition to other
Zaworotko, M. J.Cryst. Eng.2001, 4, 309-317. i f

(10) (@) Ma. B.O.: Coppans, Bhem. Commur2003 2290-2291. (b) Udachin, smaller aromatic guest mo_lecules (i.e., benzene, tolupne,
K. A.; Ripmeester, J. AJ. Am. Chem. Sod.998 120, 1080-1081. (c) xylene, chlorobenzene, aoeddichlorobenzene). These structures

Holman, K. T.; Martin, S. M.; Parker, D. P.; Ward, M. D. Am. Chem.
Soc. 2001, 123 4421-4431. (d) Focsaneanu, K. S.; Scaiano, J. C.
Photochem. Photobiol. SA005 4, 817-821. (e) Kaanumalle, L. S.; Gibb,
C. L. D.; Gibb, B. C.; Ramamurthy, VJ. Am. Chem. So2004 126 (11) Wagner, B. D.; McManus, G. J.; Moulton, B.; Zaworotko, M.Chem.
14366-14367. Commun2002 2176-2177.

have been characterized by single-crystal X-ray diffraction and
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Table 1. Crystallographic Data for Compounds 1-5

1

2

3

4

5

formula GsgHsoN10012Z12 CeaH4aN 1001221 C70H54N 1001221 CeeClH49N10012Z 1 CgClsH34N606ZN
mol wt 1329.92 1335.88 1357.97 1364.36 997.98

color, habit yellow, plate yellow, plate yellow, needle yellow, parallelepiped yellow, parallelepiped
cryst syst triclinic triclinic triclinic triclinic monoclinic

space group P1 P1 P1 P1 C2/c

VA 2 2 2 2 4

a(A) 11.3503(9) 11.3895(11) 11.3718(9) 11.3364(12) 16.5243(17)

b (A) 15.1148(12) 15.1659(14) 15.1633(12) 15.1363(16) 11.4647(11)
c(R) 18.0032(14) 17.8768(16) 17.9472(15) 18.0214(19) 22.731(2)

o (deg) 87.766(2) 88.365(2) 88.393(2) 87.884(2) 90

B (deg) 72.397(2) 73.960(2) 73.2150(10) 72.040(2) 99.120(2)

y (deg) 87.527(2) 87.750(2) 87.949(2) 88.328(2) 90

V (A3) 2940.1(4) 2964.9(5) 2960.5(4) 2939.1(5) 4252.8(7)

temp (K) 100(2) 100(2) 100(2) 100(2) 100(2)

Pcaea (grem3) 1.502 1.496 1.523 1.542 1.559

w (mm1) 0.892 0.885 0.888 0.939 0.890

GOF 1.029 0.916 0.976 0.847 0.806

0 range 1.19-28.28 1.19-28.30 1.19-28.26 1.19-25.05 1.81-25.00

reflns collected 17994 18018 18083 14129 8253
independent reflnsRi) 13005 (0.0263) 13059 (0.0340) 13118 (0.0236) 10177 (0.0168) 3700 (0.0204)
R(F), Rw(F) 0.0435, 0.0956 0.0558, 0.1434 0.0418, 0.1035 0.0386, 0.1025 0.0338, 0.0940

their intrinsic host/guest interactions have been studied in the 1—4: 3.005-3.295 A; 108.3—126.6) between the bipys and
solid-state via time-resolved and steady-state fluorescencethe nitrates of adjacent ladders. These distances and angles are
spectroscopy. Herein we report some insight upon the influencewell within the normal ranges for-€H---O hydrogen bondk!

of the network environment upon the fluorescence properties Along the b-axis the 2-D sheets of ladders pack in an ABAB

of pyrene and of the pyrene molecules upon the crystal packingfashion with pyrene intercalated between the layers. The guest
of the coordination polymers. (See Table 1 for crystallographic molecules interact through arene/pyrene edge-to-fackl-G

data.) m stacking to form a 2-D noncovalent sheet as shown for
compoundl in Figure 2b (bond distances measured from the
arene carbon in addition to the methyl carbons in compo@nds

Compoundgl—4 form isostructural 1-D ladder coordination —and3 to the mean plane of the pyrene range from 3.429 to 3.740
polymers, [Zn(bipy) s(NOs)J], With pyrene intercalated between A); these distances are within expected values ferHs -z
adjacent ladders and an aromatic solvent moledite loenzene, interactions:®> The noncovalent array can be interpreted as a
2 = toluene,3 = p-xylene,4 = chlorobenzene) located in the (6:3) network if it is assumed the node of the network is the
cavity of the [Zn(bipy) s(NOs),], ladders (Figure 2a). Each Zn-  center of gravity between adjacent pyrene molecules and a
(Il) cation in 1—4 is coordinated to three bipyridine ligands neighboring aromatic solvent molecule. The interpenetration
(Zn—N bond distances: 2.167%2.168 A) and two bidentate  observed between the [(arene)/(pyrehehoncovalent sheets
nitrate anions (ZrO bond distances: 2.18@.498 A) which and the Zn-bipy 1-D ladders can best be described as parallel/
generates an overall neutral framework. Although the coordina- parallel inclined interpenetration (Figure 2€)The pyrene
tion sphere appears to be seven coordinate, it may be regardednolecules interact with the bipy ligands oriented parallel to the
as possessing a trigonal bipyramidal geometry if the nitrates a-axis through face-to-face—s stacking to form an infinite
are assumed to occupy only one coordination site each. Thesearray ofr—s stacked bipy/pyrene along tteaxis (Figure 3).
distances are expected since statistically identical distances havén compoundsl—4 the distances between the centroids of the
been observed in the related discrete complex [Co(pyrigine) bipy moieties and the mean plane of the pyrene molecules are
(NO3),].12 In compoundsl—4 the torsion angle between the between 3.46 and 3.63 A; which would be expectedrdfetr
planes of the pyridyl rings in the bipy ligands lies within the interactions'® These results are strikingly different than our
range of 23.98-31.66; such values are consistent with the previous report of a Zn-bipy ladder and pyrene which resulted
bimodal distribution of torsion angles exhibited by crystal in a discrete 2:1 bipy/pyrene complékSynthetically the only
structures that contain bipy bridging two metals in the Cam- discernible difference between this previous example and the
bridge Structural Database (CSE¥*The 1-D ladders propa-  compounds presented herein are the presence of other aromatic
gate along thea-axis and stack next to each other along the
c-axis forming 2-D sheets of parallel ladders which are held (14) (a) Steiner, TAngew. Chem., Int. E®002, 41, 48-76. (b) Desiraju, G.

R. Acc. Chem. Resl996 29, 441-449. (c) Desiraju, G. RAcc. Chem.

together through weak-€H-+-O hydrogen bonds (range of bond Res.1991, 24, 290-296. (d) Desiraju, G. Rehem. Commur2005 2995

' in 3001

distances measured between the C and O atoms and angles |a5) (a) Takahashi, H.. Tsuboyama, S.; Umezawa, Y.. Honda, K.. Nishio, M.
Tetrahedron200Q 56, 6185-6191. (b) Nishio, M.Cryst. Eng. Commun.
2004 6, 130-158. (c) Nishio, M.; Hirota, M.; Umezawa, YThe CHfr
Interaction: Evidence, Nature, and Consequencédethods in Stero-
chemical Analysis; Wiley-VCH: New York, 1998.

(16) (a) Gould, R. O.; Gray, A. M.; Taylor, P.; Walkinshaw, M. DAm. Chem.
Soc.1985 107, 5921-5927. (b) Hunter, C. A.; Sander, J. K. M. Am.
Chem. Soc199Q 112, 5525-5534. (c) Claessens, C. G.; Stoddart, JJ.F.
Phys. Org. Cheml997, 10, 254-272. (d) Gavezzotti, A.; Desiraju, G. R.

Acta Cryst.1988 B44,427—434. (e) Desiraju, G. R.; Gavezzotti, Acta
Cryst. 1989 B45,473-482.

Results and Discussion

(12) Cameron, A. F.; Taylor, D. W.; Nuttall, R. H. Chem. Soc., Dalton Trans.
1972 15, 1603-1608.

(13) (a) Allen, F. HActa Cryst.2002 B58,380—388. (b) There are 190 crystal
structures deposited in the CSD containing’-byyridine ligands that
bridge two metals and exhibit pyridyl ring torsion angles which fall within
the range of 23.975-31.664. (c) There are 275 crystal structures deposited
in the CSD containing 4,4ipyridine ligands that bridge two metals and
exhibit pyridyl ring torsion angles which fall within the range of -0
1.0°. CSD,version 5.28; Nov. 2006- 1 update.
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Figure 3. Face-to-face bipy/pyrene---s stacking interactions if. Bipy
ligands which interact with pyrene are highlighted in green. Benzene guest
molecules are shown in gold for clarity and interact with pyrene and bipy
ligands through €&H---x interactions (nitrate anions have been omitted
for clarity).

Figure 5. Edge-to-face bipy/pyrene-€H---xr interactions irb. Bipy ligands
which interact with pyrene are highlighted in greesDCB guest molecules
are shown in gold for clarity and interact with pyrene throughHG--x
interactions and bipy ligands through-= stacking and €H---x interac-
tions (nitrate anions have been omitted for clarity).

generating an overall neutral framework. Crystallographically
there are two unique bipy ligands in compoumdith torsion
angles of 0.0 and 27.442 between the pyridyl ring&b¢ The

2-D square grids exhibit a type C packing (as described in
reference 9g) with an interlayer separation of 8.164 A and
pyrene intercalated between the layers. The layers also interact
through weak GH---O hydrogen bonds (bond distances
measured between the C and O atoms and angles: 3.165 A
148.8) between the bipy’s and the nitrates of adjacent 2-D
layers. The square cavities are large enough—Zm bond
distances: 11.37411.472 A) to accommodate two-DCB
molecules which interact with the planar bipy ligands through
face-to-facer—a stacking to form a 2: D-DCB/bipy sandwich
complex (Figure 5); the distance between the centroid of the
bipy moiety and the mean plane of thddCB molecule is 3.418

A. The guest molecules interact through pyrer@CB edge-
to-face C-H---xr stacking to form a 2-D noncovalent sheet as
shown in Figure 4b (bond distances measured from the pyrene
carbon to the mean plane of theDCB: 3.541 A); this distance

, , o is within expected values for -€H---x interactions* The
Figure 4. Crystal structure 05, the Zn-bipy-pyrene-DCB coordination lent be int ted 6:3 ¢ Kif it |
polymer, illustrating (a) the 2-D square grid coordination polymer and the noncovalent array can be In erprg ed as a ( " ) ne W_or miis
two o-DCB included in each cavity; (b) the 2-D{DCB)/(pyrene)} assumed the node of the network is the midpoint of this pyrene/
noncovalent network sustained by edge-to-faceH= -t interactions ¢- 0-DCB C—H---r bond. The interpenetration observed between
DCB and pyrene shown in gold and green, respectively); and (c) ;
interpenetration of the noncovalent network as shown in part b and the the [(O-DCB)zl(pyrer_le)}I, noncovalent Sheets_ and the [Zn(bipy)
Zn-bipy square grids (pictured in red and blue). (NOs)z]n Square g_rldS can a|59 be d_e‘SC“bed as the parallel/

parallel inclined interpenetration (Figure 4c). The pyrene
benzene-like solvents ih—4. The actual influence the aromatic  molecules interact with the planar bipy ligands through bipy/
solvents have on generatidg-4 is currently unknown, more-  pyrene edge-to-face-€H---sr stacking (bond distances measured
over the reaction and nucleation mechanisms of most coordina-from the bipy carbon to the mean plane of the pyrene: 3-669
tion polymers are currently poorly understood. 3.712 A); these distances are expected ferHz:+r interac-

Compoundb forms a 2-D square grid coordination polymer, tions1®

[Zn(bipy)2(NOs)2]n, With pyrene intercalated between the 2-D Fluorescence Spectroscopys discussed in our initial paper
sheets and two-dichlorobenzenectDCB) molecules located  on the Zn-bipy-pyrene coordination polymer in the absence of
in each of the square cavities (Figure 4a). The Zn(ll) cations in aromatic solvent guest, two fluorescence bands can be observed
5 possess an octahedral geometry coordinated by four bipyridinefrom these compounds. One of these, in the-3%26 nm region,
ligands (Zn-N bond distances: 2.129 2.200 A) and two is clearly assignable to pyrene monomer emission, while the
monodentate nitrate anions (Z® bond distance: 2.165 A)  other, in the 406700 nm region, is assigned to 2:1 pyrene/

J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007 9097
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o ) o Figure 7. Emission spectrum of the Zn-bipy-pyrene coordination polymers
Figure 6. Emission spectrum of the Zn-bipy-pyrene coordination polymer (excitation wavelength 310 nm): (&)(0-DCB) and (b)2 (toluene).
(excitation wavelength 310 nm, emission shown in the monomer emission
region): (a) freshly crushed and repeatedly UV-exposed and (b) powder Table 2. Fluorescence Emission Wavelength Maxima (Ar,max, in
prepared several months prior to measurement of spectrum. nm) for the Zn-bipy-pyrene Coordination Polymers with Aromatic
Solvent Guests

bipy exciplex emissioA! We now have evidence that this

trial trial trial trial trial
observed monomer emission arises from pyrene adsorbed to theaomatic guest  no.1  no. 2 no. 3 no. 4 no.5  average
_surface of the_co_ordmatlon polym_er surfa_ce a}nd that the PY'eN€ ) “henzene 513 456 477 476/505 505
intercalated within the layers of this coordination polymer gives 2—toluene 517 519 515 517 5172
rise solely to exciplex emission. Emission spectra collected using i—pc-éylene 55)3225()) 55)3225()) ;1175 32222 521 5522;%3
samples synthesized many months previously showed no 5 oDCB 460 461 458/509 457 450 2

evidence of monomer emission. However, if these same samples

were freshly crushed, then the monomer emission is clearly 2Trial 3 excluded? Second value for trial 3 excluded.

observed. Increased monomer emission could also be observed . . .

by | . th le in the fluorimeter for several hours Table 3. Fluorescence Lifetimes (tr, in ns) of the Zn-bipy-pyrene
y leaving the sample In the Huori T ver UrS, coordination Polymers with Aromatic Solvent Guests

exposed to the 320 nm excitation light. This is clearly illustrated

. . . . trial trial trial trial trial

in Figure 6, which shows an expanded monomer region and aromatic guest o, 1 o, 2 0.3 0.4 nos avg

compares.the results obtained for a previously prepared sample T—bonzens > gl a2 si6l 78

used as is and freshly crushed and exposed to UV. We 5_iiene 71 75 70 80 74 5

hypothesize that freshly prepared samples of this coordination 3—p-xylene 76 74 22 87 71 TR

polymer contain significant amounts of pyrene monomers 46

adsorbed to the surface, which disappear through sublimation 4-CB 373 68 IS 23
’ 5-0-DCB 42 42 44/68 44 43 1°

over a period of time. Crushing a sample releases more pyrene

molecules, which again adsorb to the surface. Continued acalculated using a 2-exp fit.Trial 3 excluded¢ Second value for trial

exposure to UV light also must break down the coordination 3 excluded.

polymer structure to some degree, again releasing pyrene ) )

monomers. Thus, only the observed exciplex band can be usedf 475 nm, suggesting perhaps a different structure. In the case

to characterize the coordination polymer; thél, vibronic band of qompoundS (0-DCB), a §|gn|f|cantly blue-shifted exciplex

ratio of the observed mononfércannot be used to determine ~ €Mission was observed, with/ max 0f 459 + 2 nm. In one

the polarity of the local environment of the pyrene intercalated trial, & second type of crystal was observed, which appeared

within the coordination polymer, as was previously reported. darker, and which gave a different fluorescence maximum of
Strong fluorescence emission was observed from all five of 509 nm (similar to that fo2 and4). In the case of compound

the Zn-bipy-pyrene coordination polymers with aromatic solvent 1 (benzene), great inconsistencies were observed, with some

guests (weak monomer bands of varying intensities relative to tfials Showingir maxvalues above 500 nm (similar and4)

the exciplex bands were also observed and assigned as discussétid 0thers showing values around 460 nm (similab)tand

above). Figure 7 shows the emission spectra for compoRnds ©ne trial showing two types of crystals, one of each type.

and5, namely those with toluene amdDCB as guests. Table Similar results were obtained for the fluorescence lifetimes

2 lists the observed fluorescence maxima for compounes; 7r, s shown in Table 3. In one case (trial #3 wih a two-

for four (or in two cases five) different synthesis trials. exponential decay curve was required to fit the data; however,
In the cases of compoun@gtoluene) andt (chlorobenzene), in all other cases the decay curves fit well to a single-exponential

excellent consistency was obtained, wihnax values of 517  function. Compounds, 3, and4 (with the exception of one
+ 2 and 523+ 3 nm, respectively. These values are slightly trial) all hadzr on the order of 74 ns, whereas compound
blue-shifted compared to that of 540 nm obtained for the original (0-DCB) had a much shortet of 43 ns. Although it is possible
Zn-bipy-pyrene coordination polymer (i.e., with included metha- that this significant decrease in lifetime was caused by the
nol So|vent)_ In the case of Compouﬁdp_xwene)' four of the external heaVy atom effé@tof the two chlorines on this SO'Vent,

five samples gave similar results, with an averaggaxof 521 no decrease of any size is observed in compati(@hloroben-

+ 1 nm, consistent with the results @f and 4. One trial, zene). We therefore conclude that it must be a result of a

however, gave a Signiﬁcan[]y blue-shifted spectrum' Wmaax difference in structure. Agaln, compouﬂ({benzene) showed

(17) Kalyanasundaram, K.; Thomas, J.XAm. Chem. Sod.977, 99, 2039- (18) Birks, J. B.Photophysics of Aromatic Moleculed/iley: London, 1970;
2044, pp 208-211.
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Figure 8. Excitation spectra of pyrene in methanet][and the Zn-bipy-
pyrene coordination polymegs(o-DCB) [---] and 2 (toluene) [---] as guests.
The emission wavelengths monitored were 380, 430, and 502 nm,
respectively.

great inconsistencies, with some trials giving compounds with
7r in the range of 7278 ns and others around 42 ns.

These fluorescence results are consistent with the structural
results described in the previous section, namely, that coordina-

tion polymersl—4 containing benzene, toluengxylene, and
chlorobenzene all exhibit 1-D ladder architectures, whigth
0-DCB exhibits a 2-D square grid architecture. This difference
in structure is clearly manifested in the fluorescence results
with the 1-D ladder structures haviig maxvalues around 520
nm and 7¢ values around 74 ns, whereas the square grid
structures havelg max Values around 460 nm ang- values
around 43 ns. This is very significant, as it illustrates that the

exciplex emission can be used diagnostically to indicate the type

of architecture obtained in these coordination polymers, with

distinctive fluorescence maxima and lifetimes observed for these

two very different structures. The variable results from trial to
trial observed in the case df which showed maxima and
lifetimes in both ranges, suggest that for this solvent, both

architectures are possible. Thus, the formation of these two
structures in this particular case must be very similar in terms

of both kinetics and thermodynamics, and which structure is
obtained in a given trial must depend on slight variations in

experimental conditions, such as concentrations of all the
components and the aromatic solvent/methanol ratio. This was

also observed, to a much lesser extent, in the casé& of
(p-xylene), which gave results consistent with a square grid
structure in one of the five trials, and in the casé&¢6-DCB),
which gave results consistent with both square grid and 1-
ladder structures in one trial (but not in the other three trials).

The nature of the pyrene emission observed can be further
investigated by comparing the excitation spectrum of these

compounds to that of pyrene in solution; this yields information

about the nature of the emitting state. These excitation spectra
are shown in Figure 8. Whereas the excitation spectrum of
pyrene in methanol solution reproduces very nicely the absorp-

tion spectrum (not shown), that of compourigoluene) and
5 (o-DCB) are clearly red-shifted and relatively broad and

featureless, indicative of the formation of a ground-state charge-
transfer complex. This shows that pyrene is complexed in these
compounds even in the ground state and that the exciplex is

formed by direct excitation of this complex and not by the
solution mechanism of excitation of a monomer followed by

complexation of the excited-state species with a ground-state

species. Furthermore, the excitation spectrur@ (fbluene) is
significantly more red-shifted thah (o-DCB), supporting our

proposal on the difference in the nature of the pyrene complex-

ation in the 1-D ladders versus 2-D square grid structures.
Excitation of such a ground-state charge-transfer complex could
potentially lead to photoinduced electron transfer in these
compounds.

In the case of the 1-D ladders 1n-4, the observed exciplex
emission can be assigned to an infinite array of bipy/pyrene
exciplexes, which differs from our previous report of a Zn-bipy
ladder and pyrene which resulted in a discrete 2:1 bipy/pyrene
complex!! In contrast, the present 1-D ladders have a net bipy/
pyrene ratio of 1:1, and it is interesting to note that in this case
the pyrene emission is not as strongly red-shifted (520 nm) as
was the case in those previously reported 2:1 exciplexes (540
nm). Figure 3 clearly shows how the pyrene and bipy are
mr-stacked on top of each other and thus how an exciplex can
form upon excitation of the pyrene fluorophore. This is an ideal
arrangement to maximize the-z interactions'® this then leads
to exciplex formation upon excitation of the ground state pyrene
in the bipy/pyrene complex, in an analogous way to a previous
report of excimer/exciplex formation upon excitation of van der
Waals dimers of aromatic molecul®sThis mechanism also
precludes the observation of monomer emission from these
structures, since every pyrene is complexed. The observed

’ emission maximum of ca. 520 nm compares well to that of other

reported pyrene exciplexes, including a 1:1 dimethylaniline/
pyrene exciplex with a reported emission maximum of 498°nm
and with a reported 2:1 4;:4is(dimethylamino)diphenylmethane
triplex, which had an emission maximum of 590 Ah.
Furthermore, there have been cases of the formation of
exciplexes between bipy and other fluorescent probes reported,
for example that between bipy and a phenanthroline-based
macrocycle in a rotaxane structife.

In the case of thé (o-DCB) square grid, however, a different
assignment of the observed 460 nm emission is required. As
can be seen from Figure 5, there is no face-to-face interaction
of pyrene with any of the aromatic moieties in this structure,
including bipy, 0-DCB, or neighboring pyrenes. In this case,
the red-shifted emission observed may be the result of a
T-shaped exciplex, in which the bipy hydrogens interact with
the pyrenern-electrons in an edge-to-face manner, that is, a
C—H---z interaction. This possibility is clearly shown in Figure
5; bond distances measured from the bipy carbon to the mean

D plane of the pyrene range from 3.669 to 3.712 A but are well

within expected distances for-@H---z interactionsl® This
interaction can be considered a very weak hydrogen bond and
would be expected to be a much weaker interaction tham
stacking, and this is consistent with the significantly smaller
degree of red-shifting of the pyrene emission observed in this
case: 460 versus 520 nm. There have been numerous examples
of such edge-to-face €H---xr interactions between aromatic
species reported in the recent literatéin fact, a critical survey

of z-interactions in metal complexes with aromatic ligands
containing nitrogen concludes that in only a limited number of
cases does near perfect face-to-face alignment occur and that

in many reported structures the interaction in fact occurs through

(19) (a) Yip, W. T.; Levy, D. HJ. Phys. Cheml996 100, 11539-11545. (b)
Saigusa, H.; Morohashi, M.; Tsuchiya, &. Phys. Chem. A2001, 105
7334-7340.

(20) Hartley, R. J.; Faulkner, L. R. Am. Chem. S0d.985 107, 3436-3442.

(21) Sen, K.; Banyopadhyay, D.; Bhattacharya, D.; Basu,. £hys. Chem. A
2001 105 9077-9084.

(22) MacLachlan, M. J.; Rose, A.; Swager, T. M. Am. Chem. So2001,
123 9180-9181.
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off-set face-to-face or edge-to-face interactiéhAs shown in
Figure 5 thesen-DCB solvent molecules in the cavity also

interact with pyrene, in a similar way as bipy as described above,

through pyren&-DCB edge-to-face €H---r stacking (bond

layering a methanol solution (15.0 mL) of zinc nitrate hexahydrate (147
mg, 0.49 mmol) onto a methanol solution (10.0 mL) of 4ipyridine

(156 mg, 1.0 mmol), pyrene (405 mg, 2.0 mmol), and benzene (5.0
mL, 56 mmol) in a 40 mL vial, which was subsequently capped and

distances measured from the pyrene carbon to the mean pIan@”owed to remain undisturbed at room temperature until diffusion was

completed. Crystals began to form within hours and growth was

of theo-DCB are 3.541 A). It is this combination of bipy and

0-DCB edge-to-face stacking with pyrene that results in the
observed red-shifted pyrene emission. This is a very complex
and unique pyrene emitting state. Furthering this complicated
electronic structure, the-DCB molecules also interact with the layering a methanol solution (15.0 mL) of zinc nitrate hexahydrate (148

planar bipy ligands through face-to-face 7 stacking, forming mg, 0.50 mmol) onto a methanol solution (10.0 mL) of 4ipyridine

2:1 0-DCB/bipy sandwich complexes (Figure 5); the distance (156 mg, 1.0 mmol), pyrene (404 mg, 2.0 mmol), and toluene (5.0
between the centroid of the bipy moiety and the mean plane of mL, 47 mmol) in a 40 mL vial, which was subsequently capped and
theo-DCB molecule is 3.418 A. As noted above, the net effect allowed to remain undisturbed at room temperature until diffusion was
of all of these edge to face interactions on the pyrene is completed. Crystals began to form within hours and growth was
significantly less than that of the face to face interactions with completed after one week. The crystals were harvested and dried via
bipy observed in the 1D ladder structures. vacuum filtration yielding 118 mg (35%) &

Synthesis of [Zn(bipy) 15(NO3)2]-1/2 p-xylene-pyrene} , (3). Light
yellow-brown crystals of3 were obtained from slow diffusion via
layering a methanol solution (15.0 mL) of zinc nitrate hexahydrate (147

g, 0.49 mmol) onto a methanol solution (10.0 mL) of' h#pyridine

completed after one week. The crystals were harvested and dried via
vacuum filtration yielding 147 mg (44%) df.

Synthesis of{ [Zn(bipy) 15(NO3).]-1/2 toluenepyrene}, (2). Light
yellow-brown crystals of2 were obtained from slow diffusion via

Conclusions

A series of fluorescent Zn-bipy coordination polymers have

been prepared with pyrene in.tercalated betwlee.n the Iayer-s. ang,c, mg, 0.99 mmol), pyrene (406 mg, 2.0 mmol). grrylene (5.0
aromat|c solvent mo'lecules |qcorporated within the cavities mL, 40 mmol) in a 40 mL vial, which was subsequently capped and
defined by the Zn-bipy coordination. The type of structure gjiowed to remain undisturbed at room temperature until diffusion was
obtained depends on the nature of the enclathrated solventcompleted. Crystals began to form within hours and growth was
molecule: in the case of benzene, toluepexylene, and completed after one week. The crystals were harvested and dried via
chlorobenzene, a 1-D ladder architecture was obtained, whereasacuum filtration yielding 190 mg (56%) &.
in the case ofo-DCB, a 2-D square grid architecture was Synthesis of [Zn(bipy) 15(NOs)2]-1/2 chlorobenzenepyrene} , (4).
obtained. The fluorescence of these compounds is diagnosticLight yellow-brown crystals o# were obtained from slow diffusion
of the structure: the 1-D ladder compounds had fluorescencevia layering a methanol solution (15.0 mL) of zinc nitrate hexahydrate
maxima around 520 nm and fluorescence lifetimes around 70 (148 mg, 0.50 mmol) onto a methanol solution (10.0 mL) of
ns, whereas the square grid compounds had fluorescenceh4-Pipyridine (157 mg, 1.01 mmol), pyrene (407 mg, 2.01 mmol),
maxima around 460 nm and fluorescence lifetimes around 40 2and chlorobenzene (5.0 mL, 49 mmol) in a 40 mL vial, which was
ns. In the case of benzene, the fluorescence of various sample§Ubsequently Ca.‘pp(.ed gnd allowed to remain undisturbed at room
femperature until diffusion was completed. Crystals began to form

varied between these two sets of values, suggesting that elthe(/vithin hours and growth was completed after one week. The crystals

type of structure can be obtained in this case. In the case of the, o haryested and dried via vacuum filtration yielding 174 mg (51%)

1-D ladder structures, the emission is easily assignable to ang 4

elxtended 11 bipy/pyrene eXC|pIex. network, which results from Synthesis off [Zn(bipy) (NOs)s]-2 o-dichlorobenzenepyrenehn (5).
direct excitation of the Corre§p0nd|ng ground-state Complex. !n Light yellow-brown crystals ob were obtained from slow diffusion
the case of the 2-D square grid structures, face-to-face interaction,ia jayering a methanol solution (15.0 mL) of zinc nitrate hexahydrate
of pyrene with a second aromatic species does not occur, S0(146 mg, 0.49 mmol) onto a methanol solution (10.0 mL) of
the observed red-shifted emission is assigned to exciplex 4,4-bipyridine (157 mg, 1.01 mmol), pyrene (403 mg, 1.99 mmol),
formation resulting from direct excitation of pyrene interacting ando-dichlorobenzene (5.0 mL, 44 mmol) in a 40 mL vial, which was
with the hydrogens along the bipy andDCB edges. The edge-  subsequently capped and allowed to remain undisturbed at room
to-face interactions in the 2-D square grid structures results in temperature until diffusion was completed. Crystals began to form
significantly lower red-shifting of the pyrene exciplex emission Within hours and growth was completed after one week. The crystals
as compared to the face-to-face interactions in the 1-D ladderWere harvested and dried via vacuum filtration yielding 212 mg (42%)

structures. of 5. ) )
X-ray Crystallography. Single crystals suitable for X-ray crystal-

lographic analysis were selected following examination under a
. . » _microscope. Intensity data were collected on a Bruker-AXS SMART
All materlals were used as received; solvents were purified and dried Apey/ccp diffractometer using Mo & radiation ¢ = 0.7107 A)?
according FO standar_d methods. . The data were corrected for Lorentz and polarization effects and for
Synthesis off [Zn(bipy) 1 (NOs),]-1/2 benzenepyrene} s (1). Light absorption using the SADABS program (SAINEPJThe structures were
yellow-brown crystals ofl were obtained from slow diffusion via  go|ved using direct methods and refined by full-matrix least-squares
on |F|? (SHELXTL).?” All non-hydrogen atoms were refined anisotro-

Experimental Section

(23) (a) McNelis, B. J.; Nathan, L. C.; Clark, C.J1.Chem. Soc., Dalton Trans.

1999 1831-1834. (b) Biradha, K.; Seward, C.; Zaworotko, MAhgew.
Chem., Int. Ed1999 38, 492-495. (c) Hannon, M. J.; Painting, C. L.;
Alcock, N. W. Chem. Commun1999 2023-2034. (d) Janiak, C.;
Temizdemire, S.; Dechert, $1org. Chem. Commur200Q 3, 271-275.
(e) Janiak, C.; Temizdemire, S.; Dechert, S.; Deck, W.; Girgsdies, F.;
Heinze, J.; Kolm, M. J.; Scharmann, T. G.; Zipffel, O. Hur. J. Inorg.
Chem.200Q 1229-1241. (f) Reger, D. L.; Semeniuc, R. F.; Rassalov, V.;
Smith, M. D.Inorg. Chem.2004 43, 537—554.

(24) Janiak, CJ. Chem. Soc., Dalton Tran200Q 21, 3885-3896.
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pically. The sp methyl hydrogens atoms Bwere located and given
a thermal parameter of 1.5 times that of the atoms to which they are

(25) SMART version 5.05; Siemens Analytical X-ray Instruments Inc.: Madison,
WI, 1995.

(26) SAINT, version 6.28a; Bruker AXS Inc.: Madison, WI, 1995.

(27) Sheldrick, G. MSHELXTL, version 5.1; Bruker AXS Inc.: Madison, WI,
1997.
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bonded. The other hydrogen atoms were placed in geometrically deconvolution software. Excellent fits were obtained, as indicated by

calculated positions and refined with temperature factors 1.2 times thosethe very good;? statistical test values obtained (which should be close
of their bonded atoms. to 1 for a good fit result): an averagé value of 1.11 for the five

samples in trial 1 and an overall average of 1.27 for all trials.
Fluorescence SpectroscopyAll fluorescence measurements were

performed using a front-face solid sample emission configuration. Acknowledgment. B.W. acknowledges financial support for
Powdered samples were adhered to aaminum support (the base  this work by the Natural Sciences and Engineering Research
of which was a 1x 1 cm square to fit a standard spectrometer cuvette Council of Canada (NSERC); funding for the time-resolved
holder), using double-sided adhesive tape. Fluorescence spectra weréluorimeter was provided by the Canada Foundation for In-
measured on a Photon Technologies International LS-100 luminescencéovation (CFI), the Atlantic Canada Opportunities Agency
spectrometer, with excitation and emission monochromator bandpasse§ACOA), and a generous donation from the Levesque Founda-

set at 3 nm and an excitation wavelength of 310 nm (at this wavelength, tion. MZ acknqwledges finan_cial support for this work from
only pyrene absorbs the excitation light: neither bipy nor any of the the National Science Foundation (Grant DMR-0101641).

benzene-derived guests absorb at 310 nm). Excitation spectra were Supporting Information Available: X-ray crystallographic

recorded using the same condition, with the emission wavelength setjntqrmation in CIF format: FTIR. TGA. and PXRD. This
at an appropriate wavelength based on the corresponding emiSSionmaterial is available free of charge via the Internet at
spectrum. Time-resolved fluorescence was measured on the Sam%ttp://pubs.acs.org.

samples using a Photon Technologies International Timemaster fluo-
rescence lifetime spectrometer. This instrument measures fluorescencgA071271D

decay F:urves using the StrObOSCOPIC teChnﬁmeSUI,tlng degay curves. (28) Ware, W. R.; James, D. R.; Siemiarczuk,Rev. Sci. Instrum1992 63,
were fit to one-or two-exponential decay functions using supplied 1710-1716.
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