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This paper reports the synthesis, characterization, and structure of [({N2JJ@d(SCN}] (3). The title compound

3 represents the first example of an anionic cadmium thiocyanate coordination solid in which a sandwich
[(12C4)xNa]"™ monocation serves as the spacer/controller, giving rise to a hexagonal array of antiparallel infinite
zigzag [Cd(SCNy ] chains with the cations occupying the triangular channels. The title com@nydtallizes

in a monoclinic unit cell ofP2:/n space group symmetry with lattice parameters of 13.204(2) A, 10.692(2) A,
21.036(1) A, 95.520(8) and Z = 4. A detailed comparison of the title structur®) (with that of
[(18C6)LNax(H20),]1/27[Cd(SCNY] (1) and [(18C6)K][CA(SCN (2) revealed that thearrangementand the
alignmentof the infinite anionic [Cd(SCN)]. zigzag chains are dictated by tldémensionsand symmetry
respectively, of the cations. The infinite anionic [Cd(S&N) chains inl and2 form an approximate tetragonal
array, creating square channels which are filled with the dimeric [(1B@8§H,0);]2" (in 1) or with two monomeric
[(18CB)K]" (in 2) cations while the infinite anionic [Cd(SCM). chains in3 adopt an approximate hexagonal
arrangement with the triangular channels filled by the smaller [(12G4) cations (thedimensioreffect). The
relative alignment (either parallel or antiparallel) of the anionic chains is dictated by the symmetry or approximate
symmetry of the cations. Thus, both the dimeric catioth and the sandwich cation Bigive rise to antiparallel
alignment of the anionic [Cd(SCH)].. chains with the centrosymmetric space gré&t@/n whereas the disklike
cation in2 gives rise to parallel alignment of [Cd(SCN). chains with noncentrosymmetric space gr@mp;

(the symmetryeffect).

Introduction

As part of our effort in the design and synthesis of inorganic
polymers with organic spacer (IPOS) systéfhsnvolving
cadmium thiocyanates,” we report herein the preparation,
structure, and characterization of [(12eM&][Cd(SCN}]. A
detailed comparison of the title structure with that of
[(lSCGkN&z(HzO)z]1/2[Cd(SCN)3] (1)1 and [(18C§)K][Cd' arrangement: tetragonal hexagonal
(SCNY] (2)! revealed that tharrangementand thealignment channel: square triangular
of the infinite anionic [Cd(SCNY ].» zigzag chains are dictated  Figure 1. Schematic representation of the formal distortion of the
by the dimensionsand symmetry respectively, of the cations.  arrangement of the infinite [Cd(SCNJ. chains (open circles) from
In this context, the title compound represents our first successfultetragonal (a) to hexagonal (b) as viewed along the chain direction.
attempt in utilizing a sandwich monocation (viz. [(126M3]") Each square channel in (a), housing either a dimeric dication such as

S . ot .
as a spacer/controller in influencing the arrangement and [(18C6kNa(H20)]*" in 1 or two monocations such as [(18CE)Kih

. R S . . 2 per two [CdA(SCNj~ units, becomes two triangular channels,
alignment of the infinite anionic [CA(SCH)]. chains in accommodating two sandwich monocations (one each) such as

cadmium thiocyanate coordination solids. [(12C4)}Na]* in 3, again, per two [CA(SCN)- units.
T University of lllinois at Chicago. s - L
* Beijing p¥)|ytechmc Universi& The infinite anionic [Cd(SCNJ]. chains in1 and 2 form
(1) Zhang, H.; Wang, X.; Teo, B. KI. Am. Chem. So4996 118 11813. an approximate tetragonal array, creating square channels which
(2) Zhang, H., Wang, X.; Zhu, H., Xiao, W., Teo, B. . Am. Chem. are filled by the dimeric [(18C@Nax(Hz0)2]?* (in 1) or by two
3) (a)Chemi'stry and Biochemistry of Thiocyanic Acid and Its begives _mon(_)menc [(18CE)K] (in 2) cations as depicted sc_hemancally
Newman, A. A., Ed.; Academic Press: New York, 1975.Gbemistry in Figure la. We reason that a smaller cation such as

Efl F’S‘?UdORa”ﬂeig‘OllJb,léééVl-. Kohler, H., Skopenko, V. V., Eds.;  [(12C4)Na]" may lead to a different arrangement of the anionic
sevier: msterdam, . _ . s e . .
(4) (a) Basolo, FCoord. Chem. Re 1968 3, 213. (b) Burmeister, J. L. [CA(SCN}]. chains. Indeed, the infinite anionic [Cd(SGN),

Ibid. 1968 3, 225. chains of the title compound [(12GMNa][Cd(SCN}] (3) adopt
(5) (a) Kuniyasu, Y.; Suzuki, Y.; Taniguchi, M.; Ouchi, Bull. Chem. an approximate hexagonal arrangement with the distorted
Sgg' 332%33;‘ gg' gj" (b) Taniguchi, M.; Ouchi, ABull. Chem. triangular channels filled with the sandwich [(12GM3]"
(6) Thiele, V. G.: Messer, DZ. Anorg. Allg. Chem198Q 646, 255. cations (see schematic rgpresentation in Figure 1b). The
(7) Gronbaek, R.; Dunitz, J. Helv. Chim. Actal964 47, 1889. hexagonal array may be derived from the tetragonal arrangement
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via a formal distortion as depicted in Figure 1. The control of Table 1. Crystallographic Data for [(12CAa][Cd(SCN}] (3)

the spatial arrangement of the anionic chains by the cations (due empirical formula CdNa$ls08C,eHss
to their size and shape) may be termed the “dimension effect”. fw 662.06
As predicted, the sandwich [(12C4Na]*" cation in3 gives rise space group P2)/n
to an antiparallel alignment of the [Cd(SGN). zigzag chains a(é) 13.204(2)
in the crystal, resulting in a centrosymmetric space group E((Ag %g'ggé%
(P21/n). The control of the relative alignment of the A (deg) 95.520(8)
[Cd(SCNY} ]« zigzag chains and the symmetry of the crystal V (A3 2956.0(6)
may be considered as the “symmetry effect”. The stereochem- z 4
ical consequences and their impacts on the physical properties Dc(a(\;cn(gl()?”ﬁ) 167%3
grstci:lesssidcrystals such as nonlinear optical behavior will be %(Mo Ka, A) 0.7107
) T(°C) 25
; - 20max (de 52
Experimental Section . (deg) 5066
Synthesis and Characterization. All reagents were used as Ra? 0.099

purchased. The title compound [(12GM&][Cd(SCN}] (3) was
prepared by adding an aqueous mixture of 2 mL of 0.56 M 12-crown-4
(12C4, GH1604)) and 35 mL of 2 M NaSCN to 35 mL of an aqueous
solution of 0.5 M CdS@ (Care must be taken to avoid local

2R = 3 |IFol = IFcll/X|Fol. ® Ry = [SW(IFol — IFc)¥FwWFe?M2

Table 2. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parametergg,2 A?) for [(12C4pNa][Cd(SCN}] (3)

supersaturation and/or precipitation during the addition.) Colorless

prismatic crystals 08, measuring millimeters in size, were grown from X y z Uy
the reaction mixture via solvent evaporatio® gave satisfactory Cd1 0.74569(3) 0.00213(3) 0.23007(2) 0.0459
elemental analysis (analysis by Midwest Microlab, Indianapolis, IN). ~ S1 0.5812(1) 0.1298(1) 0.17284(10) ~ 0.0609
Calcd (found) for [(12C4Na][Cd(SCN}] (fw = 662.06): C, 34.47 S2 0.8966(1) 0.1287(2) 0.1787(1) 0.0691
(34.54); H, 4.83 (4.83); N, 6.36 (6.33); S, 14.53 (14.78). Theinfrared S3 ~ 0.7356(1) ~ —0.1399(1) 0.11852(9)  0.0556
(IR) spectrum of crystalline samples 8f(Csl pellet) was measured ’C\I)il 8;;23%) 8'%%11(3) :812(133(411) 8(1)222
with a BIO-RAD FTS-40 spectrophotometer. IR spectrum 3f o2 0.7873273 0'4298 _0'2113552 0'1717
indicates the presence of the bidentate SAdkands and the presence 3 0.9187 8 ’ A ’
. ) ; . (8) 0.476(1) 0.0954(8) 0.1983
of 12C4. Nonlinear optical measurement using the standard Kurts and o4 0.9432(6) 0.2324(10) —0.0724(6) 0.1973
F;]erry powder techniqiieshowed no S/HG _?fr:ect_flcii, conssten(;gvylth 05 0.5956(7) 0.294(1) —0.1447(4) 0.1860
the Centrosymmetrl_c_space grotlﬁ?l_ n. e titte compound3 Is 06 0.6611(7) 0.5210(9) —0.0908(6) 0.1909
transparent in the visible and ultraviolet regions. o7 0.7625(6) 0.378(1) 0.0094(4) 0.1502
X-ray Crystallography. A colorless prismatic crystal of [(12GMNa]- 08 0.6962(7) 0.1488(9) —0.0488(5) 0.1762
[Cd(SCNY] (3) with dimensions of 0.12 mnx 0.20 mmx 0.14 mm N1 0.8690(5)  —0.1343(5) 0.2786(3) 0.0716
was selected and mounted on a glass fiber with epoxy resin. Room- N2 0.6336(5)  —0.1323(5) 0.2725(3) 0.0672
temperature (23t 2 °C) single-crystal X-ray diffraction data was N3 0.7522(5) 0.1318(5) 0.3168(3) 0.0620
collected on a Rigaku AFC7R diffractometer equipped with a rotating g% 82%2(2) 8%2;2(2) 82858(3) 88222
anode generator using monochromatized Ma Kadiation ¢ = ) ) . ) . ) .
. o C3 0.7442(5) —0.2725(5) 0.1556(3) 0.0422
0.710 69 A). The observed intensities were corrected for Lorentz and _

. - . . C4 0.851(1) 0.225(1) 0.2398(7) 0.1699
polarization effects. An empirical absorption correctigngcan) was c5 0.784(2) 0.338(2) —0.2514(8) 0.2078
applled to the datau(z 1.0353 mn’Tl). A Wilson plOt of the data c6 0880(2) 0490(2) _02147(8) 02035
favored the centrosymmetric space gréta/n, which was confirmed c7 0.883(2) 0.541(2) —0.146(1) 0.2500
by the successful solution and refinement of the structure. Structural cg 1.0167(8) 0.415(2) —0.0846(9) 0.2091
solution and refinements were performed using teXsan package of the C9 1.008(1) 0.323(2) —0.0513(9) 0.1956
Molecular Structural Corp. Positions of the Cd, Na, and SCN atoms C10 0.982(1) 0.153(2) —0.122(1) 0.2041
were located via direct methods while the O and C atoms of the two C11 0.8828(9) 0.085(1) —0.1588(9) 0.1696
12C4 were obtained via successive Fourier syntheses. There are four C12  0.546(1) 0.416(2) —0.1463(8) 0.2088
formula units of [(12C4)Na][Cd(SCN}] per unit cell ¢ = 4), i.e., C13  0.565(1) 0.509(2)  —0.108(1) 0.2087
one per asymmetric unit. Since all atoms are in general positions, the Cl4 0.684(2) 0.536(2) —0.0212(9) 0.2475
structural analysis o8 required the location of one Cd, three SCN C16 8;%(;) 8;"133(3) 88‘2132(;) 8%222
ligands, one Na, and two 12C4 ligands. In the final cycles of full- 0'7078 0‘1778 0'0123E7; 0.2608
matrix least-squares refinement, anisotropic thermal parameters were ' ’ —0 A p

d for all hvd dealized hvd " 0.611(1) 0.124(2) 0.088(1) 0.2660
used for all non-hydrogen atoms. Idealized hydrogen atom positions ~7q 0.552(1) 0.193(2) —0.1209(9) 0.2611

(C—H, 0.95 A) of 12C4 were included in the calculations but not
refined. Anisotropic refinements (317 parameters) on 4008 independent
reflections (Bmax = 52°) with | > 30(l) converged aR = 0.066 and

R, = 0.099. Details of the crystallographic data are summarized in
Table 1. Fractional atomic coordinates, along with equivalent isotropic

tensor.

aUgq is defined as one-third of the trace of the orthogonaliZgd

affinity of 12C4 for NH;*), resulting in the formation of

displacement parameters are listed in Table 2. Selected interatomicl(12C4YCd][C(SCN)] with a two-dimensional [CHSCN)*]..
distances and bond angles, together with the estimated standardstructurez We reason that, by using a smaller cation such as
deviations, are given in Table 3. Completed crystallographic and Nat, a stable sandwich monocation [(12gM3]" can be formed

structural details are provided in the Supporting Information.

Results

Synthesis and Characterization. Our previous attempt to
use a sandwich monocation such as [(128#),]* led instead
to the sandwich [(12C4LdJ?" dication (due to the low binding

(8) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.

H,O
2 12C4+ 3NaSCN+ CdSQ —
[(12C4),Na][Cd(SCN)] + Na,SO, (1)

in situ which will induce the formation of [(12C4)a][Cd-
(SCNY] (3) with one-dimensional [Cd(SCH)]. chains. This
is indeed observed in the title compound. The balanced equation
for the reaction is as follows:
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Table 3. Selected Bond Lengths (A) and Angles (deg) for (a)
[(12C41Na][Cd(SCN}] (3)

Cd1-S1 2.743(2) 03Cs 1.45(2) 0

Cd1-S2 2.718(2) 04C9 1.34(2)

Cd1-S3 2.788(2) 04C10 1.47(2) 8

Cd1-N1 2.346(6) 05-C12 1.46(2) |

Cd1-N2 2.304(6) 05-C19 1.34(2) 2

Cd1-N3 2.286(6) 06-C13 1.28(2) g

S1-C1 1.637(6) 06-C14 1.47(2) E

S2-C2 1.653(6) O7C15 1.30(2) &

S3-C3 1.617(6) 07C16 1.24(2)

Nal-O1 2.481(9) 08-C17 1.31(2)

Nal-02 2.58(1) 08-C18 1.36(2)

Nal-03 2.47(1) N+C1 1.140(7)

Nal-04 2.458(9) N2-C2 1.144(7)

Nal-05 2.485(9) N3-C3 1.175(7) T . T . r r

Nal—06 2586(10) C4C5 151(2) 4000 3500 3000 2500 2000 1500 1000

Nal—-O7 2.409(9) C6C7 1.54(3) Wavenumbers (cm1)

Nal-08 2.48(1) C8-C9 1.22(3)

01-Cc4 1.36(2) Cle-C1l1 1.64(2) (b)

01-C11 1.43(2) C12C13 1.29(2)

02-C5 1.29(2) C14C15 1.30(3) 3

02-C6 1.40(2) C16-C17 1.62(3)

03-C7 1.32(3) C18C19 1.23(3)
S1-Cd1-S2 99.08(6) S2Cd1-N3 92.5(1) ]
S1-Cd1-S3 85.97(5) S3Cd1-N1 90.1(2) ]
S1-Cd1-N1 170.9(1) S3-Cd1-N2 90.3(2) 8
S1-Cd1-N2 88.2(2) S3-Cd1-N3 175.7(1) d 2
S1-Cd1-N3 90.9(1) N+Cd1-N2 83.6(2) @
S2-Cd1-S3 85.07(6) N+Cd1-N3 93.4(2) @
S2-Cd1-N1 88.7(2) N2-Cd1-N3 92.6(2) s
S2-Cd1-N2 171.0(1) CdtS1-C1 97.1(2)
Cd1-S2-C2 99.6(2) C7+03-C8 127(1) 1
Cd1-S3-C3 94.4(2) Na04—C9 108.2(9)
01-Nal-02 65.5(4) Nat04—C10 115.9(9)
01-Nal-03 103.4(4) C9-04-C10 113(1)
01-Nal-04 70.5(3) NatO5-C12 107.2(9)
01-Nal-05 84.6(3) Nat+0O5-C19 113(1) ] ‘ ]
01-Nal-06 137.5(4) C1205-C19 121(1)
O1-Nal-07  151.5(4) NatO6-C13  117(1) 2200 2100 2000
01-Nal-08 87.6(4) Nat06-C14 95.9(10) Wavenumbers (cm™1)
gg_mgi_gj 16‘;-%((3)) ﬁﬁgg_gi‘; Ei(ézlo) Figure 2. (a) Infrared spectrum (Cs! pellet) of [(L2GMB][CA(SCN)]
02—Nal-05 82.4(3) NatO7—C16 125'(1) (3). (b) Comparison of the(CN) stretching frequencies of the bridging
02-Nal-06 79'9 (4) C1507-C16 86(1) thiocyanate ligands in [(18C#ax(H20).] 1 {Cd(SCN}] (1), [(18C6)K]-
02-Nal-07 142'0(4) NatO8—C17 104(1) [CA(SCN}] (2), and [(12C4)Na][Cd(SCN}] (3). These patterns are
02—Nal-08 142:0(4) NatO8—C18 103(1) h!ghly qharacte(isti_c of, and hence_ can be u_sed_to ident_ify, the_ one-
03-Nal-04 65.5(4) C17208-C18 130(1) dimensional 3_n|or_1|c [C(:_(dSC[glj]m zigzag chains in cadmium thio-
03—-Nal-05 144.1(5) Cdt+N1-C1 147.6(5) Cyanate coordination solids.
82_“;%_8? gg'ggg ggimg_gg igg'gg frequencies are similar to those observedlfand2 (see Figure
03—Nal-08 145..8(5) S$C1—N1 177.'3(6) 2b)1 In fact_, the_se peaks are highly charact_eristic of, and can
04—Nal—05 147.0(4) S2C2—-N2 178.9(6) be used to identify, the 1-D [Cd(SCN]. chains.
04—Nal-06 146.0(4) S3C3-N3 178.1(6) Crystal Structure. The title compound [(12C4Na][Cd-
04-Nal-07 90.1(3) O+ C4-C5 99(1) (SCNY] (3) crystallizes in the monoclinic unit cell of dimensions
gg:mgijgg ggggg 82%%2:2‘7‘ 15%8)) 13.204(2) A, 10.692(2) A, 21.036(1) A, and 95.520(8y =
05-Nal-07 103.5(3) 03C7—C6 123(2) 2956.0(6) &) and space gro_u;?zlln (_b unlqu_e), with four
05-Nal-08 68.1(4) 03-C8-C9 108(1) [(12C4)%Na][Cd(SCN}] per unit cell ¢ = 4). Since all atoms
06—Nal—07 69.0(4) 04-C9-C8 119(1) reside on general positions, the asymmetric unit comprises one
06-Nal-08 107.7(3) 04C10-C11 105(1) formula unit of [(12C4)Na][Cd(SCN}]. Selected bond lengths
(’371’\‘8%_82 113-52’(3) 8?85‘2% igg(i) and angles are tabulated in Table 3. The [(1284]" cations
Ngl_m_cn 109'_1((8; 06C13-C12 1128 in 3 adopt the sandwich structure of idealizBgy symmetry
C4—01-C11 109(1) 06-C14-C15 139(1) (Figure 3a) with an average N#@ distance of 2.51 A. The
Nal-02—-C5 105(1) O7C15-C14 104(1) Cd atoms in3 are octahedrally coordinated (Figure 3b) with
Nal-02-C6 111.9(9) O#C16-Cl7  104(1) three S and three N atoms (iac configuration) with average
o o2 e 1818)) ogcii-als 12383 Cd-S and Ce-N distances of 2.748 and 2.307 A, respectively.
Nal-O3-08 112.9(10) 05019-C18 114(1) The average CdS—C and Cad-N—C angles of 97.1 and 150.,9

respectively, are similar to those observedliand 2! The

The infrared spectrum of the title compourd exhibits
coordinated 12C4 and bridging SCNigands as depicted in
Figure 2a. In particular, the(C—N) peaks of the bridging
SCN- are observed at 2107 (m) and 2069 (s)émThese IR

SCN- ligands are virtually linear (178.2(&))with S—C and
C—N bond lengths of 1.640(av) and 1.147(av) A, respectively.
The nitrogen atoms are trans to the sulfur atoms, in accordance
with the trans influence. As ith and?2, the Cd atoms form an
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(b)

(b)

Figure 3. ORTEP drawings of (a) the [(12CAa]t sandwich cation
which conforms to the idealize®.y point group symmetry (10%
thermal ellipsoids) and (b) the infinite anionic [Cd(SGN) zigzag
chains (50% thermal ellispoids).

+

infinite zigzag chain with Cd-Cd distances of 5.41(av) A and
Cd---Cd---Cd angles of 162.2(a%) The [Cd(SCNy]. chains
run along the crystallographizaxis. The zigzag [Cd(SCH)]«
chains and the dispositions of the sandwich [(1284]"
cations in3 are portrayed in Figure 4, in two different views. 7
It can be seen that adjacent rows of zigzag chains arerigyre 4. Crystal packing of [(12C4Na][Cd(SCN)] (3) as viewed
“antiparallel” to one another, resulting in the centrosymmetric ajong (a) the crystallographaxis and (b) the crystallographie ¢
space grou2,/n. Furthermore, the two [(12CMa]* cations ¢) axis (diagonal).
in two adjacent triangular channels are not at the same height
with respect to the crystallographicaxis. the crystallographic monoclinic unit cell (solid lines in Figure
We shall now compare the crystal structures of 6) as follows: a, = a; b, = (—a + ¢)/2; ¢y, = b. This
[(18CB6YNa(H20),] v JCd(SCNY] (1) (Figure 5) and [(12C4Na]- pseudohexagonal arrangement gives rise to distorted triangular
[Cd(SCNY] (3) (Figure 6). As depicted in Figures 5 and 6, the channels. The [(12C4)a]" cations are located at centers of
infinite zigzag [Cd(SCNy].. chains in1 and 3 form ap- the triangular channels, lying sideways with the “width”
proximate tetragonal and hexagonal arrays, as viewed along thg(diameter) of the 12C4 rings aligned with one edge of the
crystallographid axis, creating square and triangular channels triangle (i.e., thea, + by, direction). This is to be contrasted
which are filled with the [(18C&Nax(H,0);]%" dications (in with the structure ofl in which the [(18C6)Nap(H0),]%"
1) and [(12C4)Na]t cations (in2), respectively. The noncrys-  dications are located at centers of the square channels created
tallographic (quasi) hexagonal unit cell (indicated by the dashed by the noncrystallographic pseudotetragonal array (indicated by
lines and designated by subscripin Figure 6) is related to  subscript in Figure 5) of the [Cd(SCN)]. chains. The lateral
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Figure 5. Crystal packing of [(18C&Nax(H20),]1[Cd(SCN}] (1)
(viewed along the crystallographtz axis; 10% probability thermal
ellipsoids). Approximate tetragonal arrangement of zigzag [Cd($N)
chains creates square channels filled with dimeric [(1@T6{H.0),]%"
dications. The crystallographic monoclinic unit cell is indicatedaby

b, andc (solid lines) while the noncrystallographic pseudotetragonal
unit cell is indicated by, by, andc: (dashed lines) which are related to
the crystallographic monoclinic unit cell as follows = a; by =
—(@a+o/2;cc=h.

Figure 6. Crystal packing of [(12C4Na][Cd(SCN}] (3) (viewed along

the crystallographicb axis; 10% probability thermal ellipsoids).
Approximate hexagonal arrangement of zigzag [Cd(SCIN)chains
gives rise to triangular channels filled with the [(12e€M3]* cations.
The crystallographic monoclinic unit cell is indicated ayb, andc
(solid lines), while the noncrystallographic pseudohexagonal unit cell
is indicated byay, bn, andcy (dashed lines) which are related to the
crystallographic monoclinic unit cell as follows, = a; b, = (—a +
c)/2;ch=h.

dimensions or “width” of the 18C6 rings are oriented along the
diagonal & + by) of the pseudotetragonal cell. The fact that
the diagonal of the square channelslir{(2)Y2a, = (2)¥2 x

10.227=14.53 A) is larger than the edge length of the triangular

Zhang et al.

channels &, = b, = (an + by) = 13.20 A) in3 is consistent
with the difference in the lateral dimensions between 18C6 and
12CA4.

Discussions

The approximate hexagonal arrangement of the [Cd(STN)
chains in [(12C4Na][Cd(SCN}] (3) can be conceptually
derived from the approximate tetragonal motif in [(1880N&,-
(H20)2]1/2[Cd(SCN}] (1) by a formal distortion (compression
along the diagonalg + by) direction and elongation along the
diagonal & — by) direction) as illustrated schematically in Figure
1. Each square channel (Figure 1a) becomes two triangular
channels (Figure 18). The two [(12C4)Na]"t monocations
housed in two adjacent triangular channelsicorrespond to
a single dimeric [(18C6Nax(H20);]?" dication in a square
channel inL;* both are per two [Cd(SCN)] units. We believe
that this distortion is attributable to the smaller size of
[(12C4)%Na]* (in triangular channels) in comparison with the
[(18C6LNa(H0),]2" dimer (in square channels). In other
words, thedimension®f the cation dictate the spatial arrange-
ment of the [Cd(SCN) ] chains. Furthermore, treymmetry
of the cation plays an important role in influencing the alignment
of the [Cd(SCN) ] chains. We shall discuss these two effects
next.

(A) Cations as Spacers: Spatial Arrangements of the
Anionic [Cd(SCN)3;7]. Chains (Dimension Effect). The
arrangement of the anionic [Cd(SCN). chains is to a
significant extent dictated by the size and shape of the cations
as illustrated schematically in Figure 1. In other words, the
cations serve as spacers, filling in the voids between the chains.
With large spherical shaped cations such as the dimeric
[(18C6)LNax(H0),]%" in 1 (Figure 5), tetragonal (or square)
arrangement of the anionic [Cd(SGN). chains is favored.
With small cations such as [(12G#a]" in 3 (Figure 6),
distorted hexagonal arrangement of the anionic [Cd(SCN)
chains is observed. However, volume alone cannot explain why
with [(18C6)K]" in 2 the anionic [Cd(SCN) ]« chains also
adopt the tetragonal arrangeménin fact, [(18C6)K]" (which
has a volume of 300 A is somewhat smaller than [(12G4)
NaJ* (which is estimated to have a volume of 348)A The
difference between these two cations is the shape. Since the
channels formed by the anionic [Cd(SGN), chains must have
dimensions large enough to accommodate the cations, the
disklike [(18C6)K]" cations, with a thickness of 4.0 A and a
diameter of 9.77 A, require a tetragonal motif with an edge
length of 10.62 A and a diagonal dimension of{2)< 10.62
A =15.02 A. In fact, two [(18C6)K] cations reside in each
of the tetragonal channels (but at different heights with respect
to the chain direction) with the lateral (diameter) dimension
aligned with the diagonal of the square channel. This effect
exerted by the cations on the spatial arrangement of the anionic
[Cd(SCN} ]« chains may be termed the “dimension effect”.
This particular stereochemical characteristic persists in all the
IPOS structures observed so far and can also be extended to
cations of different sizes and shapes. For example, with
relatively small, tetrahedral cations such as gM)E and

(9) The volume of the square channelsliiis given by, approximately,
alc = (10.277% x 10.915 B = 1152.8 B whereas that of the
triangular channels i is, approximately, (3f¥4as?c, = (3)V%/4 x
(13.204% x 10.692 B =807.18 &. It should be noted that, in theory,
the square channels should have 2.31 times the volume of the triangular
channels &2c/((3)Y44an’cr) = 4/(3)12 = 2.31 assuming = a, and
Ct = Cp). In the present situation, an expansion of the pseudohexagonal
axes in3 (ap/a, = 13.204 A/10.277 A= 1.285) reduces this volume
ratio substantially.
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Figure 7. Representative examples of seven categories of the crown
ether (hostj-alkali metal (guest) structures: (a) disklike (host:guest
1:1) as in [(18C6)K][CA(SCN] (2);* (b) partially coiled (1:1) as in
[(18C6)Na(HO)](SCN)2%(c) coiled (1:1) as in [(dibenzo-30C10)K3te

(d) dimer (2:2) as in (18C6Ls(SCN);?¢ (e) dimer (2:2) as in
[(18C6YNax(H:0)5] 1 /Cd(SCNY] (2);* (f) sandwich (2:1) as in [(12C4)
Na][Cd(SCN}] (3); (g) two nuclei (1:2) as in [(dibenzo-24C8)Nko-
O:NCgH40],.2%

(EuN)*, the [Cd(SCN) ], chains are also arranged in an
approximate hexagonal array with the cations occupying the
triangular channels in both [MB][Cd(SCN)] (4) and [EkN]-
[CA(SCNY] (5).5

(B) Cations as Controllers: Alignment of the Zigzag
[CA(SCN); ] Chains (Symmetry Effect). While dimensions
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according to the match or mismatch of the metal ion with the
size of the cavity of the crown ether, along with representative
examples: (a) disklike (host:guest1:1) as in [(18C6)K][Cd-
(SCNY] (2);1 (b) partially coiled (1:1) as in [(18C6)Naga)]-
(SCN)2%2 (c) coiled (1:1) as in [(dibenzo-30C10)K3P (d)
dimer (2:2) as in (18CGLS(SCN);2% (e) dimer (2:2) as in
[(18C6)YNax(H0),][CA(SCNY] (1);X(f) sandwich (2:1) as in
[(12C4pNa][Cd(SCN}] (3); (g) two nuclei (1:2) as in [(dibenzo-
24C8)Na][0-O,NCgH40]».2%4 To enhance the tendency of
forming a noncentrosymmetric space group, the monomeric
host-guest (1:1) complexes of either a disklike, a partially
coiled, or a coiled structure, as portrayed in Figure @ashould
be used as cationic spacer/controller. To prevent the formation
of centrosymmetric space groups, symmetrical cationic-host
guest molecules such as dimeric structures (Figure 7d,e),
sandwhich complexes (Figure 7f), or two-nuclei complexes
(Figure 7g) should be avoided as these latter complexes have
the tendency to form centrosymmetric structures. For example,
cations of the dimeric structure [(18GBla(H.0),]?" caused
an antiparallel arrangement of the [Cd(S@N) chains whereas
cations of the disklike structure [(18C6)K]ed to a parallel
arrangement of the [Cd(SCN). chains, resulting in cen-
trosymmetric and noncentrosymmetric space groups as observed
in 1 and 2, respectively: In 3, the sandwich [(12C4Na]*
monocation also favors an antiparallel arrangement of the
[CA(SCN} ]« chains (though the cation itself conformsDay
sysmetry which lacks the inversion symmetry), resulting in a
centrosymmetric space group2i/n). Thus, as illustrated in
Figure 4a, the cations are tucked snugly in the “pockets” of
space formed by the “grooves” of adjacent antiparallel zigzag
[CA(SCN} ]~ chains. The grooves of the [Cd(SGN)k chains
are due to the “kinks” at the sulfur atoms (€8—C of 97.T)
of the bridging SCN ligands.

The principle of alignment control (symmetry effect) by the
cations also applies to [MH][Cd(SCN)] (4) and [EtN][Cd-

(size and shape) of the cations can account for the spatial(SCN)] (5)° mentioned previously. Here the tetrahedral

arrangement of the anionic infinite [Cd(SGN). chains (serv-
ing as spacers), the relative alignment (either parallel or
antiparallel) is determined by the symmetry or approximate
symmetry of the cations and hence may be termed the
“symmetry effect”. For nonlinear optical effe¢ts’? such as

(MegN)* and (E4N)™ cations, which lack the inversion sym-
metry, give rise to honcentrosymmetric space grdeipe2; and
Cme, for 4 and5, respectively. However, a detailed examina-
tion of these two latter structures indicates that the [Cd(SQN)
chains in4 and5 are arranged in an antiparallel and parallel

second harmonics generation (SHG), it is important to arrange fashion, respectively. Hence, we caution that antiparallel

the chains in a parallel fashion and to attain a noncentrosym-

metric crystal symmetry. From a crystal engineering point of
view,13-19 it means that one should choose cations which are
less prone to reside on inversion centersythmetry) or are in
itself less symmetrical in shape. In Figure 7, we categorize the
binding of the crown ethers with alkali metals into seven classes,

(10) Kanis, D. R.; Ratner, M. A.; Marks, T. J. Am. Chem. Sod.992
114, 10338.

(11) Nonlinear Optical Properties of Organic and Polymeric Materials
Williams, D. J., Ed.; ACS Symposium Series; American Chemical
Society: Washington, DC, 1983; Vol. 233.

(12) Materials for Nonlinear Optics: Chemical Perspe@s Marder, S.

R., Sohn, J. E., Stucky, G. D., Eds.; ACS Symposium Series; American
Chemical Society: Washington, DC, 1991; Vol. 455.

(13) Desiraju, G. RCrystal Engineering Elsevier: Amsterdam, 1989;
Chapter 8.

(14) Stucky, G. D.; MacDougall, J. Bciencel99Q 247, 669.

(15) Meyer, F.; Bredas, J. L.; Zyss,J.Am. Chem. S0d992 114 2914.

(16) Hoskins, B F.; Robson, R. Am. Chem. S0d.99Q 112 1546.

(17) Aakeroy, C. B.; Hughes, D. P.; Nieuwenhuyzen, MAm. Chem.
Soc.1996 118 10134.

(18) Aoyama, Y.; Endo, K.; Anzai, T.; Yamaguchi, Y.; Sawaki, T;
Kobayashi, K.; Kanehisa, N.; Hashimoto, H.; Kai, Y.; MasudaJH.
Am. Chem. Sod 996 118 5562.

(19) Melendez, R. E.; Sharma, C. V. K.; Zaworotko, M. J.; Bauer, C.;
Rogers, R. DAngew. Chem., Int. Ed. Endl996 35, 2213.

alignment of the infinite metal thiocyanate chains (ag)idoes

not always give rise to a centrosymmetric space group. On the
other hand, parallel alignment of the chains should always lead
to a noncentrosymmetric space group (as2in5, and in
[(dibenzo-24C8)Na][Cd(SCNPY).

Conclusion

In conclusion, the sandwich [(12G#Ma]* cation serves both
as the spacer and as the controller of the arrangement (hexago-
nal) and alignment (antiparallel), respectively, of the infinite
[Cd(SCN} ] zigzag chains in the coordination solid [(12&4)
Na][Cd(SCN3}]. The influence of the cation, due to its size

(20) (a) Dobler, M.; Dunitz, J. D.; Seiler, Rcta Crystallogr.1974 B30,
2741. (b) Bush, M. A.; Truter, M. RJ. Chem. Soc., Perkin Trans.
1972 2, 345. (c) Dobler, M.; Phizackerley, R. Rcta Crystallogr.
1974 B30 2748. (d) Hughes, D. L1. Chem. Soc., Dalton Trank975
2374.

(21) Since the submission of this paper, we have synthesized and structurally
characterized a 1-D cadmium thiocyanate coordination solid with a
coiled crown-etheralkali-metal cation (similar to Figure 7c), namely,
[(dibenzo24C8)Na][Cd(SCN). This compound, as predicted, has a
parallel alignment of the infinite cadmium thiocyanate chains, giving
rise to a noncentrosymmetric space grdlp(to be published).
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and shape, on the spatial arrangement of the [Cd(STN) Supporting Information Available: One X-ray crystallographic
chains may be termed the “dimension effect”. The control of file, in CIF format, is available. Access and/or ordering information
the relative alignment of the anionic chains as well as the crystal is given on any current masthead page.

symmetry by the cation, owing to its geometry and symmetry,

may be termed the “symmetry effect”. Work is in progress to

further assess the relative importance of the size, shape,Note Added in Proof

symmetry, and charge of the cations in influencing the structure
and properties of anionic cadmium thiocyanate coordination

solids. Powder measurements on JH{[Cd(SCN)] (5) indicate, as

predicted, that it exhibits efficient second-order nonlinear optical
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