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Crystalline KTiOPO4 (KTP), an inorganic nonlinear optical material with a waveguide figure-of-merit that is
twice that of other mixed-metal oxides, contains helical chains of TiO4/2O2/2 octahedra in which a long, short
Ti-O bond motif results in a netc-directed polarization. The alternating long and short Ti-O bonds that occur
along these chains are the major contributors to the large nonlinear optic and electrooptic coefficients. Analogous
chains have been constructed using dichromate [Cr2O7]2-anions and [M(py)4]2+ (M ) Cu, Zn) cations; these
new transition metal oxides crystallize in the same space group as KTP. Crystal data for Cu(py)4Cr2O7:
orthorhombic, space groupPna21 (No. 33), witha ) 15.941(7) Å,b ) 16.324(3) Å,c ) 8.857(2) Å, andZ )
4; for Zn(py)4Cr2O7, orthorhombic, space groupPna21 (No. 33), witha ) 16.503(1) Å,b ) 16.005(1) Å,c )
8.8130(5) Å, andZ ) 4; for Cd(py)4Cr2O7, monoclinic, space groupC2/c (No. 15), witha ) 14.8034(9) Å,b )
11.1847(7) Å,c ) 15.788(1) Å,â ) 110.023(1)°, andZ ) 4.

Introduction

Inherently acentric molecules can provide building blocks for
the synthesis of new framework materials with possible ferro-
electric and second-order nonlinear optical (NLO) behavior. The
acentric oxide fluorides [NbOF5]2-,1-4 [TaOF5]2-,4 [WO2F4]2-,5,6

and [MoO2F4]2- 3 have been crystallized into a host of new
mixed-metal materials that combine the octahedral and dinega-
tive oxide fluoride anions with dipositive cations, typically [Cu-
(py)4]2+. In the primary [MX6]2- (MX6 ) NbOF5, TaOF5,
MoO2F4, and WO2F4) units, the displacement of the transition
metal produces a noncentrosymmetric environment as well as
a local polarization. The intraoctahedral distortions observed
in the primary [MX6]2- units, and in KTiOPO4,7 LiNbO3,8 and
other traditional materials, are compatible with the polar crystal
classes 4mm(C4V), 3m(C3V), or mm2(C2V), in which both
ferroelectric and second-order NLO behavior are possible.

The [MO4]n- tetrahedron is another acentric building block
that can be used to create noncentrosymmetric materials. For
example, potassium dihydrogen phosphate is a ferroelectric
material with discreet PO4 tetrahedra.9 The dichromate ion,
[Cr2O7]2-, is another attractive candidate for study. The

syntheses, structures, second harmonic signals, and infrared
spectra of Cu(py)4Cr2O7, Zn(py)4Cr2O7, and Cd(py)4Cr2O7 are
reported in this paper. The combination of an octahedral cation
with the dichromate anion results in M(py)4Cr2O7 (M ) Cu,
Zn) chains similar to the TiO4/2O2/2 helices in KTiOPO4 (KTP).7

In KTP the short “titanyl” and long Ti-O bonds within each
helical chain facilitate the large NLO response.10-13

Experimental Section

CAUTION. (HF)x‚pyridine is toxic and corrosive!
Materials. CuO (99.99% Aldrich), ZnO (99.99% Aldrich), CdO

(99.5% Aldrich), [pyH]2[Cr2O7] (pyridinium dichromate, 98% Aldrich),
pyridine (99.9% anhydrous, Aldrich), and (HF)x‚pyridine (pyridinium
poly(hydrogen fluoride), 70% HF by weight, Aldrich) were used as
received. Reagent amounts of deionized H2O were also used in the
synthesis.

Synthesis.Single crystals of each of the reported compounds were
synthesized by placing the appropriate amounts of reactants (see below)
in Teflon (fluoro-ethylene-propylene) “pouches”.14 The pouches were
sealed and placed in a 2000 mL autoclave filled with 600 mL of water.
The autoclave was heated for 24 h at 150°C and cooled to room
temperature over an additional 24 h. The pouches were opened in air,
and products were recovered by filtration.

Cu(py)4Cr2O7. The compound Cu(py)4Cr2O7 was synthesized by
adding 3.95× 10-2 g (4.97× 10-4 mol) of CuO and 1.005× 10-1 g
(2.67× 10-4 mol) of [pyH]2[Cr2O7] to a Teflon pouch. To this mixture
were added 2.067× 10-1 g (7.85× 10-4 mol) of (HF)x‚pyridine, 5.89
× 10-2 g (3.27× 10-3 mol) of H2O, and 1.4937 g (1.89× 10-2 mol)
of pyridine. Green-yellow crystals were recovered in 60% yield based
on copper.
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Zn(py)4Cr2O7. The compound Zn(py)4Cr2O7 was synthesized by
adding 5.28× 10-2 g (6.57× 10-4 mol) of ZnO and 1.04× 10-1 g
(2.76× 10-4 mol) of [pyH]2[Cr2O7] to a Teflon pouch. To this mixture
were added 1.91× 10-1 g (7.23× 10-4 mol) of (HF)x‚pyridine, 7.25
× 10-2 g (4.03× 10-3 mol) of H2O, and 1.578 g (1.997× 10-2 mol)
of pyridine. Orange crystals were recovered in 50% yield based on
zinc.

Cd(py)4Cr2O7. The compound Cd(py)4Cr2O7 was synthesized by
adding 4.45× 10-2 g (3.47× 10-4 mol) of CdO and 1.005× 10-1 g
(2.67 × 10-4 mol) of [pyH]2[Cr2O7] to a Teflon “pouch”. To this
mixture were added 1.76× 10-1 g (6.67× 10-4 mol) of (HF)x‚pyridine,
5.21× 10-2 g (2.89× 10-3 mol) of H2O, and 1.503 g (1.902× 10-2

mol) of pyridine. Orange crystals were recovered in 60% yield based
on cadmium.

Crystallographic Determination. Relevant crystallographic data are
listed in Table 1. All calculations were performed using the TEXSAN
crystallographic software package from Molecular Structure Corpora-
tion.15 The structures were solved by direct methods16 and expanded
using Fourier techniques.17 Detailed crystallographic information for
all three structures is available in the Supporting Information in CIF
format.

Cu(py)4Cr2O7. Based on systematic absences and successful solution
and refinement of the structure, the space group was determined to be
Pna21 (No. 33). Single-crystal data were collected on a Bruker Smart
CCD diffractometer. The Flack parameter was refined to determine
the correct orientation of the crystal. All non-hydrogen atoms were
refined using anisotropic thermal parameters. Hydrogen atoms were
placed in idealized positions. Atomic coordinates for all atoms other
than carbon and hydrogen are listed in Table 2.

Zn(py)4Cr2O7. Based on systematic absences and successful solution
and refinement of the structure, the space group was determined to be

Pna21 (No. 33). Single-crystal data were collected on a Bruker Smart
CCD diffractometer. The Flack parameter was refined to determine
the correct orientation of the structure within the crystal. All non-
hydrogen positions were refined using anisotropic thermal parameters.
Hydrogen atoms were placed in idealized positions. Selected atomic
coordinates are listed in Table 3.

Cd(py)4Cr2O7. Based on systematic absences and successful solution
and refinement of the structure, the space group was determined to be
C2/c (No. 15). Single-crystal data were collected on a Bruker Smart
CCD diffractometer. Disorder in the [Cr2O7]2- anion results in half-
occupancy of the O(2)-O(6) sites. All non-hydrogen positions were
refined using anisotropic thermal parameters. Hydrogen atoms were
placed in idealized positions. Selected atomic coordinates are listed in
Table 4.

Infrared Measurements. Mid-infrared (400-4000 cm-1) spectra
were collected using a Bio-Rad FTS-60 FTIR spectrometer operating
at a resolution of 2 cm-1.

IR data for Cu(py)4Cr2O7, KBr: ν(py) ) 1604, 639 cm-1; ν(Cr-O)
) 950, 929 cm-1. IR data for Cd(py)4Cr2O7, KBr: ν(py) ) 1600, 649
cm-1; ν(Cr-O) ) 950, 932 cm-1. IR data for Zn(py)4Cr2O7, KBr:
ν(py) ) 1606, 640 cm-1; ν(Cr-O) ) 954, 931 cm-1. The infrared
bands for the dichromate anion are in good agreement with those
reported for K2Cr2O7.18

Susceptibility. The temperature dependence of the magnetic sus-
ceptibility for powdered single crystals of Cu(py)4Cr2O7 was determined
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Table 1. Crystallographic Data for M(py)4Cr2O7 (M ) Cu, Zn, Cd)

data Cu(py)4Cr2O7 Zn(py)4Cr2O7 Cd(py)4Cr2O7

formula CuCr2C20H20N4O7 ZnCr2C20H20N4O7 CdCr2C20H20N4O7

a (Å) 15.927(2) 16.503(1) 14.8034(9)
b (Å) 16.311(2) 16.005(1) 11.1847(7)
c (Å) 8.8513(9) 8.8130(5) 15.788(1)
â (deg) 110.023(1)
V (Å3) 2299.4(3) 2327.8(2) 2456.0(2)
Z 4 4 4
fw 595.94 597.77 644.80
space group Pna21 (No. 33) Pna21 (No. 33) C2/c (No. 15)
T (°C) -120(1) -120(1) -120(1)
λ (Å) 0.71069 0.71069 0.71069
Fcalcd(g/cm3) 1.721 1.706 1.744
Fobsd(g/cm3)a 1.70(5) 1.680(3) 1.661(3)
µ (cm-1) 18.95 19.89 17.75
R(F)b 0.032 0.039 0.032
Rw(F)c 0.034 0.032 0.029

a Density measured by flotation pycnometry at 24°C. b R ) ∑||Fo|
- |Fc||/∑|Fo|. c Rw ) [∑(|Fo| - |Fc|)2/∑(Fo)2]1/2.

Table 2. Selected Atomic Coordinates for Cu(py)4Cr2O7

atom site x y z Beq
a occ

Cu 4a 0.20527(1) 0.74747(1) 0.7727 1.712(5) 1
Cr(1) 4a 0.19674(2) 0.56571(2) 0.48907(5) 2.533(8) 1
Cr(2) 4a 0.29195(2) 0.40279(2) 0.60811(4) 2.186(8) 1
O(1) 4a 0.21388(9) 0.64557(8) 0.5944(2) 2.98(4) 1
O(2) 4a 0.1011(1) 0.5659(1) 0.4345(2) 6.11(6) 1
O(3) 4a 0.2591(1) 0.5638(1) 0.3498(2) 6.90(7) 1
O(4) 4a 0.20914(8) 0.47558(8) 0.6036(2) 3.38(4) 1
O(5) 4a 0.38181(9) 0.4455(1) 0.6342(2) 4.04(5) 1
O(6) 4a 0.29306(9) 0.35040(8) 0.4536(2) 2.74(4) 1
O(7) 4a 0.27219(9) 0.34131(9) 0.7466(2) 3.77(5) 1
N(1) 4a 0.2946(1) 0.68427(9) 0.8896(2) 1.939(4) 1
N(2) 4a 0.1132(1) 0.8083(1) 0.6605(2) 1.94(4) 1
N(3) 4a 0.1158(1) 0.68611(9) 0.8904(2) 1.81(4) 1
N(4) 4a 0.2911(1) 0.81288(9) 0.6545(2) 1.75(4) 1

a Beq ) (8/3)π2U11(aa*) 2 + U22(bb*) 2 + U33 (cc*) 2 + 2U12(aa*bb*)
cosγ + 2U13(aa*cc*) cosâ + 2U23(bb*cc*) cosR.

Table 3. Selected Atomic Coordinates for Zn(py)4Cr2O7

atom site x y z Beq
a occ

Zn 4a 0.20430(2) 0.74537(3) 0.7727 2.042(9) 1
Cr(1) 4a 0.19310(5) 0.57094(4) 0.4924(1) 2.23(2) 1
Cr(2) 4a 0.29330(4) 0.40129(4) 0.5883(1) 2.78(2) 1
O(1) 4a 0.2119(2) 0.6468(2) 0.6145(4) 2.75(8) 1
O(2) 4a 0.0987(2) 0.5714(2) 0.4518(4) 5.9(1) 1
O(3) 4a 0.2451(2) 0.5817(2) 0.3447(4) 7.4(1) 1
O(4) 4a 0.2103(2) 0.4720(2) 0.5831(4) 4.07(9) 1
O(5) 4a 0.3778(2) 0.4476(2) 0.6100(4) 5.1(1) 1
O(6) 4a 0.2946(2) 0.3451(2) 0.4364(3) 2.76(8) 1
O(7) 4a 0.2770(2) 0.3411(2) 0.7303(3) 4.6(1) 1
N(1) 4a 0.2940(2) 0.6792(2) 0.9000(4) 2.09(9) 1
N(2) 4a 0.1086(2) 0.8080(2) 0.6509(4) 2.3(1) 1
N(3) 4a 0.1112(2) 0.6815(2) 0.8982(4) 2.1(1) 1
N(4) 4a 0.2910(2) 0.8144(2) 0.6426(4) 2.5(1) 1

a Beq ) (8/3)π2U11(aa*)2 + U22(bb*)2 + U33 (cc*)2 + 2U12(aa*bb*)
cosγ + 2U13(aa*cc*) cosâ + 2U23(bb*cc*) cosR.

Table 4. Selected Atomic Coordinates for Cd(py)4Cr2O7

atom site x y z Beq
a occ

Cd 4c 0.25 0.75 0.5 3.932(7) 1
Cr 8f 0.7481(3) 0.47895(4) 0.44529(3) 4.56(1) 1
O(1) 8f 0.1518(1) 0.5857(2) 0.4722(1) 5.96(6) 1
O(2) 8f 0.0283(3) 0.4553(3) 0.5319(3) 5.9(1) 1/2
O(3) 8f 0.0363(7) 0.461(1) 0.3480(8) 15.5(5) 1/2
O(4) 8f 0.1495(3) 0.3575(4) 0.4580(4) 7.1(2) 1/2
O(5) 8f 0.0001(6) 0.489(1) 0.3420(8) 9.5(2) 1/2
O(6) 8f 0.0984(4) 0.3615(4) 0.4847(5) 11.4(2) 1/2
N(1) 8f 0.2597(1) 0.7340(2) 0.3548(1) 4.03(6) 1
N(2) 8f 0.1176(1) 0.8766(2) 0.4394(1) 4.15(7) 1

a Beq ) (8/3)π2U11(aa*)2 + U22(bb*)2 + U33 (cc*)2 + 2U12(aa*bb*)
cosγ + 2U13(aa*cc*) cosâ + 2U23(bb*cc*) cosR.
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with a dc superconductivity quantum interference device (SQUID)
magnetometer from Quantum Design. After the powder was zero-field-
cooled to 5 K, a 1 kGfield was applied and the magnetic moment was
registered. The magnetic moment values were calculated from the
susceptibility data using the Curie-Weiss law.

Nonlinear Optical Measurements. Powder SHG measurements
were performed on a modified Kurtz-NLO19,20 system using 1064 nm
light. A Continuum Minilite II laser, operating at 15 Hz (3 mJ average
energy), was used for all measurements. Ungraded SiO2, Cu(py)4Cr2O7,
Cd(py)4Cr2O7, and Zn(py)4Cr2O7 were placed in separate capillary tubes.
The SHG, i.e., 532 nm green light, radiation was collected in reflection
and detected by a photomultiplier tube (Oriel Instruments). In order to
detect only the SHG light, a 532 nm narrow band-pass interference
filter was attached to the tube. A digital oscilloscope (Tektronix TDS
3032) was used to view the SHG signal.

Results

Cu(py)4Cr2O7 and Zn(py)4Cr2O7. Cu(py)4Cr2O7 and Zn(py)4-
Cr2O7 are isostructural. See Figure 1. Bond lengths and angles
for Cu(py)4Cr2O7, Zn(py)4Cr2O7, and Cd(py)4Cr2O7 are listed
in Table 5. The nonbridging Cr-O distances in Cu(py)4Cr2O7

and Zn(py)4Cr2O7 are 1.602(4), 1.590(4), 1.569(4), and 1.599(4)
Å, whereas the bridging Cr-O distances are 1.612(3), 1.777(3),
1.796(3), and 1.652(4) Å. These tetrahedra mimic the distorted
phosphate tetrahedra in the ferroelectric KH2PO4 where the
phosphorous ion is distorted toward an edge resulting in two
long (1.56 Å) and two short (1.53 Å) bonds. The CrVI form
nearly regular tetrahedra with an average O-Cr-O bond angle
) 109.4° for each [Cr2O7]2-. The Cr-O-Cr bond angle
deviates significantly from 180°, 134.0(2)° and 129.7(5)° for
Zn(py)4Cr2O7 and Cu(py)4Cr2O7, respectively. The bond lengths

and angles of the dichromate anion, in Cu(py)4Cr2O7 and
Zn(py)4Cr2O7, are in good agreement with Na2Cr2O7.21 O(2),
O(3), O(5), and O(7) exhibit largeBeq’s with respect to the other
atoms, see Tables 2 and 3. Unlike the O(1), O(4), and O(6)
which are two-coordinate, these oxide ligands are only bound
to one chromium center. The thermal motion of these ligands
can be observed in their elongated thermal parameters.

The cations consist of a central Cu2+ or Zn2+ cation with
four pyridine rings in a square planar arrangement. The axially
distorted Jahn-Teller Cu2+ cations contain four “short” equato-
rial bonds to pyridine (2.039(3), 2.030(3), 2.029(2), 2.025(2)
Å) and two “long” axial bonds to oxygen (2.296(2) and 2.320(2)
Å). The spherical Zn2+ cation, as expected, bonds to four
pyridine rings through lengths of 2.138(4), 2.157(5), 2.151(4),
and 2.141(4) Å, while the Zn-O bond lengths are 2.109(4) and
2.152(3) Å.

Neutral nonintersecting one-dimensional chains of M(py)4Cr2O7

(M ) Cu, Zn) are formed. The [M(py)4]2+ cations are bound
to the dichromate anions through trans coordination sites. The
dichromate anions are rotated 90° with respect to one another
within each chain as shown in Figure 2. Layers (0 1 1) of parallel
chains are rotated 90° everya/2 as shown in Figure 3.

The molar moment showed Cu(py)4Cr2O7 to be a Curie para-
magnet with aµeff ) 1.73µB, in good agreement with isolated
Cu2+ (d9) cations. The Weiss constant is low, on the order of
0.1°, consistent with the shortest Cu-Cu distance of 8.86 Å.

(19) Kurtz, S. K.; Perry, T. T.J. App. Phys.1968, 39, 3798.
(20) Dougherty, J. P.; Kurtz, S. K.J. Appl. Crystallogr.1976, 9, 145.

(21) Panagiotopoulos, N. P.; Brown, I. D.Acta Crystallogr., Sect B.1972,
28, 1352.

Figure 1. Cu(py)4Cr2O7 and Zn(py)4Cr2O7 with selected bond lengths
included (Å).

Table 5. Selected Bond Lengths (Å) and Angles (deg) for
M(py)4Cr2O7 (M ) Cu, Zn, Cd)

Cu(py)4Cr2O7

Bond Lengths
Cr(1)-O(1) 1.625(2) Cr(2)-O(5) 1.608(2)
Cr(1)-O(2) 1.598(3) Cr(2)-O(6) 1.612(2)
Cr(1)-O(3) 1.584(3) Cr(2)-O(7) 1.615(2)
Cr(1)-O(4) 1.797(2) Cu-O(1) 2.296(2)
Cr(2)-O(4) 1.775(2) Cu-O(6) 2.320(2)

Bond Angles
O(1)-Cu-O(6) 175.92(9) O(4)-Cr(2)-O(6) 110.1(1)
O(1)-Cr(1)-O(4) 108.3(1) Cu-O(1)-Cr(1) 164.7(1)
Cr(1)-O(4)-Cr(2) 129.7(1) Cu-O(6)-Cr(2) 165.7(1)

Zn(py)4Cr2O7

Bond Lengths
Cr(1)-O(1) 1.652(4) Cr(2)-O(5) 1.590(4)
Cr(1)-O(2) 1.599(4) Cr(2)-O(6) 1.612(3)
Cr(1)-O(3) 1.569(4) Cr(2)-O(7) 1.602(4)
Cr(1)-O(4) 1.796(3) Zn-O(1) 2.109(4)
Cr(2)-O(4) 1.777(3) Zn-O(6) 2.152(3)

Bond Angles
O(1)-Zn-O(6) 176.1(1) O(4)-Cr(2)-O(6) 110.1(2)
O(1)-Cr(1)-O(4) 109.2(2) Zn-O(1)-Cr(1) 165.8(2)
Cr(1)-O(4)-Cr(2) 134.0(2) Zn-O(6)-Cr(2) 166.0(2)

Cd(py)4Cr2O7

Bond Lengths
Cr-O(1) 1.604(2) Cr-O(5) 1.63(1)
Cr-O(2) 1.748(4) Cr-O(6) 1.444(6)
Cr-O(3) 1.838(5) Cd-O(1) 2.290(2)
Cr-O(4) 1.720(6)

Bond Angles
O(1)-Cr-O(2) 102.3(2) O(1)-Cr-O(2) 109.8(2)
O(1)-Cr-O(3) 111.6(9) O(1)-Cr-O(4) 100.8(2)
O(1)-Cr-O(6) 121.2(3) O(1)-Cr-O(5) 112.9(6)
O(2)-Cr-O(3) 102.2(6) O(2)-Cr-O(4) 101.5(3)
O(2)-Cr-O(6) 111.9(4) O(2)-Cr-O(5) 118.6(6)
O(3)-Cr-O(6) 106.2(9) O(4)-Cr-O(5) 111.2(5)
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Cd(py)4Cr2O7. Crystallographic disorder in the [Cr2O7]2-

anion results in the superimposition of two orientations upon
one another as shown in Figure 4. The ligands O(1) and O(2)
are common to both orientations, while the remaining two
ligands in each tetrahedron consist of either O(3) and O(6), or
O(4) and O(5). O(3) and O(6) exhibit abnormally largeBeq’s
with respect to the other atoms, suggesting an unequal popula-
tion of the two disorder orientations. However, O(2) is
constrained to occupy two sites equally, eliminating in this
model and space group the possibility of O(3) and O(6) having
less than1/2 occupancy.

The average Cd-N bond length is 2.347(5) Å, and the
Cd-O(1) bond is 2.290(2) Å. The increase in M-N and M-O
bond lengths for M) Cd compared to M) Zn reflects an
increase in ionic radii between six-coordinate Zn2+ and Cd2+,
0.74 and 0.95 Å, respectively.21

The structural motif of neutral one-dimensional chains
composed of alternating [Cd(py)4]2+ cations and [Cr2O7]2-

anions is observed in Cd(py)4Cr2O7 as shown in Figure 5. The
[Cr2O7]2- anions adopt the same orientation within each chain
in Cd(py)4Cr2O7, differing from the 90° rotation of the anions
in M′(py)4Cr2O7 (M′ ) Cu, Zn) as shown in Figure 2.

Nonlinear Optical Measurements.The second-order NLO
properties of Cu(py)4Cr2O7, Zn(py)4Cr2O7, and Cd(py)4Cr2O7

were measured using the Kurtz powder technique. Zn(py)4Cr2O7

exhibited a signal comparable toR-quartz under the same
conditions. No signal was observed for Cu(py)4Cr2O7 owing to
absorption of the incident beam. No signal was observed for
Cd(py)4Cr2O7 because this compound crystallizes in a cen-
trosymmetric space group.

Discussion

The presence of a nonspherical Jahn-Teller active cation,
Cu2+, affects the unit cell dimensions of M(py)4Cr2O7 (M )
Cu, Zn) with respect to Zn2+. The elongation of the Jahn-Teller
axis in Cu(py)4Cr2O7 results in an increase in the unit cell
parametersb andc, 16.324(3) and 8.857(2) Å in Cu(py)4Cr2O7

versus 16.005(1) and 8.8130(5) Å in Zn(py)4Cr2O7 because the
one-dimensional chains run in the direction of theb andc axes.
The unit cell parametera, which runs perpendicular to the one-
dimensional chains, is longer in the Zn analogue than in the
Cu analogue because the average Zn-N bond distance, 2.14-
(1) Å, is greater than that of the Cu-N bond, 2.04(1) Å.

The structures of M(py)4Cr2O7 (M ) Cu, Zn) and KTP7 share
several striking similarities. KTP consists of helical TiO4/2O2/2

chains linked by phosphate tetrahedra. Each layer, composed
of parallel chains, is rotated 90° everya/2. The M(py)4Cr2O7

(M ) Cu, Zn) chains also pack in this fashion. Figure 6 shows
the common structural themes in M(py)4Cr2O7 (M ) Cu, Zn)
and KTP. The TiO4/2O2/2 chains in KTP contain two types of
TiO4/2O2/2 octahedra, either a cis or trans orientation of the

Figure 2. (a) One-dimensional chain of M(py)4Cr2O7 (M ) Cu, Zn)
showing the 90° rotation in the [Cr2O7]2- anion. (b) One-dimensional
chain of Cd(py)4Cr2O7 showing no rotation in the [Cr2O7]2- anion.

Figure 3. Packing diagram of M(py)4Cr2O7 (M ) Cu, Zn). Shaded
octahedra represent [M(py)4]2+, and unshaded corner-shared tetrahedra
represent [Cr2O7]2-. Pyridine rings have been removed for clarity.

Figure 4. Disorder mechanism for the corner-shared [Cr2O7]2-

tetrahedra in Cd(py)4Cr2O7. The superimposition of the two orientations
results in the final model.

Figure 5. Packing diagram of Cd(py)4Cr2O7. Shaded octahedra
represent [Cd(py)4]2+, and unshaded polyhedra represent [Cr2O7]2-.
Pyridine rings have been removed for clarity.

2018 Inorganic Chemistry, Vol. 40, No. 9, 2001 Norquist et al.



bridging oxygens with respect to one another. The cis and trans
coordinated TiO4/2O2/2 octahedra are replaced by [M(py)4]2+ (M
) Cu, Zn) and [Cr2O7]2- respectively in M(py)4Cr2O7 (M )
Cu, Zn). The TiO4/2O2/2 and M(py)4Cr2O7 (M ) Cu, Zn) chains
are shown in Figure 7.

With the similarities some differences also exist. The length
of each rotation in the M(py)4Cr2O7 (M ) Cu, Zn) chains, 18.57

and 18.27 Å, respectively, is longer than the corresponding
TiO4/2O2/2 rotation, 12.40 Å. Also, in M(py)4Cr2O7 (M ) Cu,
Zn) the chains are not covalently bound to one another, van
der Waals forces support the structure, while in KTP phos-
phate tetrahedra connect the nonintersecting TiO4/2O2/2 chains.

Kurtz powder experiments on Zn(py)4Cr2O7 demonstrate the
second-order NLO properties inherent to the polar space group
Pna21. No second-order signal was observed from Cu(py)4Cr2O7

owing to absorption of the incident radiation by the powder.
Zn(py)4Cr2O7, however, suffers from no such problems and the
SHG signal at 532 nm was measured. Cd(py)4Cr2O7 crystallizes
in the space groupC2/c (No. 15). This space group is
indistinguishable fromCc (No. 9) based on systematic absences.
If Cd(py)4Cr2O7 crystallized inCc, no disorder in the [Cr2O7]2-

anion would be expected and the compound would exhibit
second-order NLO properties. The centrosymmetric disorder
model is consistent with the null result from SHG test. If the
compound crystallizes inCc, the noncentrosymmetric space
group, a positive second-order NLO result is expected because
no absorption was encountered in Zn(py)4Cr2O7, a compound
with similar optical properties.

Conclusion

The combination of the two molecular ions, [Cr2O7]2- and
[M(py)4]2+ (M ) Cd, Cu, Zn), and subsequent crystallization
at 150°C has resulted in three new transition metal oxides, two
of which crystallize in the polar space groupPna21. The
noncentrosymmetric phases M′(py)4Cr2O7 (M′ ) Cu, Zn) consist
of one-dimensional chains that are quite similar to the TiO4/2O2/2

helical chains in KTP.22-25 The use of corner-shared tetrahedral
anions to enforce acentricity upon a metal oxide chain is a novel
strategy for the discovery of new noncentrosymmetric, polar
materials.
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Figure 6. Packing diagram of (a) M(py)4Cr2O7 (M ) Cu, Zn) and (b)
KTP. Pyridine rings from part a and phosphate tetrahedra and K+ ions
from part b have been removed for clarity.

Figure 7. Helical chains of (a) TiO4/2O2/2 and (b) M(py)4Cr2O7 (M )
Cu, Zn).
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