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Abstract: Four new coordination polymers, Mn(Clterpy)[Au(CN)2]2 (Clterpy ) 4′-chloro-2,2′;6′,2′′-terpyridine),
Mn(Brterpy)[Au(CN)2]2 (Brterpy ) 4′-bromo-2,2′;6′,2′′-terpyridine), Pb(Clterpy)[Au(CN)2]2, and Pb(Brterpy)-
(µ-OH2)0.5[Au(CN)2]2 were synthesized and structurally characterized, and their birefringence values were
measured. The supramolecular structures of the two Mn(II) polymers are the same: they form one-
dimensional (1D) chains of Mn(Xterpy)[Au(CN)2]2 units (X ) Cl, Br), each having one bridging and one
terminal Au(CN)2

-. The Pb(II) analogues form 1D polymers containing chains of Pb(Xterpy)[Au(CN)2]+ linked
via Au(CN)2

- units. Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 also contains a bridging water unit. In the plane of the
primary crystal growth direction, the birefringence values of the four coordination polymers were found to
be 0.378(19), 0.50(3), 0.38(2), and 0.26(3), respectively. The birefringence values are related to the
supramolecular structures in terms of maximizing the alignment of the terpyridine-based units and the
maximum off-axis positioning of the C-X bonds. With the exception of that for the Pb(Brterpy)(µ-
OH2)0.5[Au(CN)2]2 polymer, the birefringence values are either as large as or significantly larger than in the
related M(2,2′;6′,2′′-terpyridine)[Au(CN)2]2 systems. These polymers illustrate the utility of adding polarizable
carbon-halogen bonds as a design element in highly birefringent coordination polymers.

Introduction

Birefringent compounds have different refractive indices (n)
depending on the crystallographic direction.1-3 These materials
have a wide range of applications in nonlinear optical
processes,4-7 liquid-crystal displays,8-10 optical filters,11-13 and
optical components such as quarter-wave plates used to form
circularly polarized light.1–3 Despite this, with the exception of
liquid crystals,14,15 the rational design and synthesis of bire-
fringent materials has been relatively neglected, especially in
inorganic chemistry, where simple inorganic compounds that
have a high polarizability [e.g., calcite, the prototypical bire-
fringent material, with a birefringence (∆n) of 0.1723,16] form

the industry standard. Table 1 contains a list of some common
inorganic solids and their birefringence values.2,3,16

Coordination polymers are one vehicle by which highly
birefringent materials could be rationally designed and synthe-
sized.17,18 Coordination polymers with different properties have
been developed,20,21 including magnetic,22,23 vapochromic,24-28

and porous systems.29,30 This is in part due to (a) the simple,
green synthesis of these polymers in benign solvents such as
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Table 1. Birefringence Values for Some Common Inorganic
Compounds

compound ∆n compound ∆n

CaCO3, calcite 0.172 H2O, ice 0.004
NaNO3 0.251 MgF2 0.006
TiO2, rutile 0.287 SiO2, quartz 0.009
Hg2Cl2, calomel 0.683 Al2O3 0.027
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water, methanol, and ethanol; and (b) the ease with which the
materials properties of these polymers can be modified by
judicious alteration of the metal cation, bridging ligand, chelating
ligands, and counterions (if any).31-33 This modularity is a
critical feature that opens the door to rational design of materials
with target properties.

Despite the modular nature of coordination polymer design
and synthesis, there are very few reports of the measurement
of the optical birefringence of coordination polymers.17,18,34,35

These include studies of a triazolylboratesilver(I) coordination
polymer (∆n ) 0.105)35 and the Hg(CN)2-containing polymer
Cu(tmeda)[Hg(CN)2]2[HgCl4] (∆n ) 0.0638).34 Our work on
the synthesis of birefringent coordination polymers focused on
incorporating d10s2 Pb(II) cations into a coordination polymer
framework with Au(CN)2

-, an anisotropically polarizable bridg-
ing ligand. Pb(II) was chosen for study because of (1) its high
polarizability (a measure of how strongly light interacts with
the atom), which is enhanced by the s2 lone pair, coupled with
(2) its lack of color in the visible spectrum (thereby facilitating
birefringence measurements). Our first Pb(II)-containing coor-
dination polymer, Pb(H2O)[Au(CN)2]2, had a birefringence of
∆n ) 0.070.17 It was immediately obvious from this result that
(a) a highly birefringent coordination polymer could be syn-
thesized with Pb(II) and Au(CN)2

- and (b) the water molecules
are not highly polarizable and should be substituted with a more
polarizable and anisotropic ligand. Thus, replacement of the
water molecules with 2,2′;6′,2′′-terpyridine (terpy) produced a
coordination polymer with ∆n ) 0.40.18 In order to determine
the role of the coordination polymer framework, Pb(II) was
replaced with Mn(II)19 or the Au(CN)2

- was replaced with
Ag(CN)2

-. No significant change was observed in the birefrin-
gence of the resulting polymers, indicating that the birefringence
was likely due to proper orientation of the terpy ligand by the
coordination polymer framework (Figure 1).18

With these results in mind, our research has focused on these
obvious questions: Can coordination polymers with even higher
birefringence values be prepared and what methodology should

be used to achieve that goal? As stated above, birefringent
materials have different refractive indices in different directions.1–3

More specifically, just as cubic, tetragonal, and orthorhombic
crystals have three different, mutually perpendicular crystal-
lographic axes (some of which may have the same magnitude,
as imposed by symmetry), a birefringent compound has three
mutually perpendicular refractive-index axes (two of the axes
may have an equivalent refractive index, as imposed by
symmetry). The principal birefringence of a sample is the
difference between the refractive indices along any two of these
axes (Table 1). In order to design and prepare highly birefringent
coordination polymers, the factors affecting the refractive index
must be understood and made as anisotropic as possible. A
mathematical representation of these principles is embodied in
the Lorentz-Lorenz equation (eq 1),1

n ) �1 + 2RNF
3 MW

1 - 2RNF
3 MW

(1)

in which MW is the molecular weight and N is Avogadro’s
number; eq 1 shows that as the polarizability (R) or density (F)
of a material increases (along a given direction), so does the
refractive index. Thus, for a birefringent material, one or both
of these values must be anisotropic in the crystal lattice.

From eq 1 and Figure 1, the origin of the birefringence in
Pb(terpy)[Au(CN)2]2 and Mn(terpy)[Au(CN)2]2 can be seen: the
face-to-face alignment of the highly anisotropically polarizable
terpy ligands by the supramolecular framework.18 Thus, one
method by which the birefringence of this prototype material
can be increased is by modification of the terpy ligand to
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Figure 1. Terpy packing viewed down the b axis in the structures of (a)
Pb(terpy)[Au(CN)2]2 and Pb(terpy)[Ag(CN)2]2 and (b) Mn(terpy)[Au(CN)2]2.
The face-to-face alignment of the terpy ligands should be noted. The Pb(II)/
Mn(II), water, and Au(CN)2

-/Ag(CN)2
- units have been removed for clarity.
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increase the anisotropy, since the primary role of the metal
cations is structural. For example, the polarizability anisotropy
of a Car-Br bond (0.410 × 10-23 cm3) is almost as large as
that in pyridine (0.427 × 10-23 cm3).36 Thus, incorporating
halides into the terpy ligand could potentially generate a
coordination polymer that is more birefringent than the parent
Pb(terpy)[Au(CN)2]2.

18 In order to test this design principle,
substitution of the terpy ligands in M(terpy)[Au(CN)2]2 (M )
Pb, Mn) with 4′-chloro-2,2′;6′,2′′-terpyridine (Clterpy) and 4′-
bromo-2,2′;6′,2′′-terpyridine (Brterpy) was targeted, and the
birefringence values of the resulting coordination polymers were
measured. This work also presents a methodology for interpret-
ing, in light of the structural data, the source of the high
birefringence values.

Experimental Section

General Procedures. CAUTION! Although we experienced no
difficulties, perchlorate salts are potentially explosiVe and should
only be used in small quantities and handled with care.

Except where otherwise stated, all of the manipulations were
performed in air. [nBu4N][Au(CN)2] · 1/2H2O was synthesized as
previously described.37 All of the other reagents were obtained from
commercial sources and used as received.

IR spectra were recorded on a Thermo Nicolet Nexus 670 FT-
IR spectrometer equipped with a Pike MIRacle attenuated total
reflection (ATR) sampling accessory. Microanalyses (C, H, N) were
performed by Frank Haftbaradaran at Simon Fraser University on
a Carlo Erba EA 1110 CHN elemental analyzer.

Synthesis of Pb(Clterpy)[Au(CN)2]2. To a yellow suspension
of Clterpy (27 mg, 0.10 mmol) in methanol (10 mL) was added a
methanol solution (10 mL) containing Pb(ClO4)2 · xH2O (42 mg,
0.103 mmol). The solution was heated to ∼50 °C until all of the
Clterpy dissolved. The resulting 20 mL solution was cooled to room
temperature, after which a 20 mL methanol solution of
[nBu4N][Au(CN)2] · 1/2H2O (100 mg, 0.20 mmol) was added dropwise.
The solution was allowed to evaporate for several days, after which
yellow crystals began to form. The solution was filtered. Although
the crystals were determined to be Pb(Clterpy)[Au(CN)2]2, the
elemental analysis indicated that the sample was not pure and likely
also contained a complex with at least two Clterpy units per Pb(II). A
pure sample of Pb(Clterpy)[Au(CN)2]2 was prepared and crystallized
hydrothermally by heating Pb(NO3)2 (33 mg), Clterpy (27 mg), and
KAu(CN)2 (57 mg) to 125 °C with a 3 day cooling period. Yield: 46
mg (49%). Anal. Calcd for C19H10N5Au2ClPb: C, 23.45; H, 1.04; N,
10.08. Found: C, 23.42; H, 1.16; N, 10.04. IR (ATR, cm-1): 3111
(w), 3095 (w), 3081 (w), 3076 (w), 3073 (w), 3061 (w), 3041 (w),
2158 (m), 2143 (s), 2139 (s), 1617 (w), 1584 (s), 1571 (m), 1550 (w),
1482 (w), 1455 (w), 1411 (s), 1337 (w), 1304 (w), 1240 (m), 1165
(w), 1130 (w), 1092 (w), 1074 (w), 1057 (w), 1048 (w), 1005 (m)
865 (m), 830 (m), 790 (s), 739 (w), 725 (m), 685 (m), 668 (w), 655
(m), 631 (w), 572 (w).

Synthesis of Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2. To a yellow
suspension of Brterpy (31 mg, 0.10 mmol) in methanol (10 mL) was
added a methanol solution (10 mL) containing Pb(ClO4)2 ·xH2O (42
mg, 0.103 mmol). The solution was heated to ∼50 °C until all of the
Brterpy dissolved. The resulting 20 mL solution was cooled to room
temperature, after which a 20 mL methanol solution of
[nBu4N][Au(CN)2] · 1/2H2O (100 mg, 0.20 mmol) was added dropwise.
The solution was allowed to evaporate for several days, after which
pale-yellow crystals began to form. The solution was filtered. Yield:
39 mg (38%). Anal. Calcd for C19H11N7Au2BrO0.5Pb ·0.24H2O: C,
22.14; H, 1.12; N, 9.51. Found: C, 22.35; H, 1.19; N, 9.45. IR (ATR,
cm-1): 3097 (w), 3052 (w), 3030 (w), 3022 (w), 2927 (w), 2965 (w),

2151 (s), 2132 (s), 1592 (m), 1571 (m), 1567 (m), 1547 (m), 1479
(m), 1453 (w), 1403 (s), 1406 (s), 1298 (m), 1240 (m), 1158 (m),
1055 (w), 1009 (s), 867 (m), 789 (s), 738 (m), 727 (m), 678 (m), 655
(m), 634 (m), 558 (m), 436 (w).

Hydrothermal synthesis and crystallization of Pb(Brterpy)-
(µ-OH2)0.5[Au(CN)2]2 was also performed by heating Pb(NO3)2 (33
mg), Brterpy (31 mg), and KAu(CN)2 (57 mg) to 125 °C followed
by slow cooling to room temperature over a 3 day period. This
resulted in large (at times 1 cm long) single crystals.

Synthesis of Mn(Clterpy)[Au(CN)2]2. To a yellow suspension
of Clterpy (27 mg, 0.10 mmol) in methanol (10 mL) was added a
methanol solution (10 mL) containing MnCl2 ·4H2O (20 mg, 0.10
mmol). The solution was heated to ∼50 °C until all of the Clterpy
dissolved. The resulting 20 mL solution was cooled to room
temperature, after which a 20 mL methanol solution of
[nBu4N][Au(CN)2] · 1/2H2O (100 mg, 0.20 mmol) was added drop-
wise. The solution was allowed to evaporate for several days, after
which yellow crystals began to form. The solution was filtered.
Yield: 46 mg (57%). Anal. Calcd for C19H10N5Au2ClMn ·0.5H2O:
C, 27.51; H, 1.34; N, 11.81. Found: C, 27.65; H, 1.38; N, 11.44.
IR (ATR, cm-1): 3488 (m, br), 3104 (w), 3085 (w), 3063 (w), 2932
(w), 2892 (w), 2819 (w), 2179 (s), 2169 (s), 2151 (s), 2144 (s),
1586 (s), 1477 (s), 1436 (w), 1415 (s), 1332 (m), 1303 (m), 1256
(s), 1243 (s), 1160 (s), 1123 (s), 1094 (m), 1045 (m), 1032 (m),
1015 (s), 910 (w), 899 (w), 877 (m), 871 (m), 825 (s), 789 (s), 751
(w), 740 (m), 727 (s), 687 (s), 656 (s).

Hydrothermal synthesis and crystallization of Mn-
(Clterpy)[Au(CN)2]2 was also performed by heating MnCl2 ·4H2O
(20 mg), Clterpy (27 mg), and KAu(CN)2 (57 mg) to 125 °C
followed by slow cooling to room temperature over a 3 day period.

Synthesis of Mn(Brterpy)[Au(CN)2]2. To a yellow suspension
of Brterpy (32 mg, 0.10 mmol) in methanol (10 mL) was added a
methanol solution (10 mL) containing MnCl2 ·4H2O (20 mg, 0.10
mmol). The solution was heated to ∼50 °C until all of the Brterpy
dissolved. The resulting 20 mL solution was cooled to room
temperature, after which a 20 mL methanol solution of
[nBu4N][Au(CN)2] · 1/2H2O (100 mg, 0.20 mmol) was added
dropwise. The solution was allowed to evaporate for several days,
after which pale-yellow crystals began to form. The solution was
filtered. Yield: 44 mg (51%). Anal. Calcd for C19H10N7Au2BrMn:
C, 26.38; H, 1.17; N, 11.33. Found: C, 26.52; H, 1.33; N, 11.13.
IR (ATR, cm-1): 3081 (w), 3068 (w), 2177 (s), 2147 (s), 1600
(m), 1584 (s), 1568 (s), 1552 (s), 1477 (s), 1467 (m), 1459 (w),
1410 (m), 1327 (w), 1302 (w), 1257 (w), 1244 (s), 1160 (s), 1130
(w), 1108 (w), 1096 (w), 1048 (w), 1015 (s), 862 (w), 787 (s), 741
(m), 727 (s), 682 (s), 655 (s).

Hydrothermal synthesis and crystallization of Mn-
(Brterpy)[Au(CN)2]2 was also performed by heating MnCl2 ·4H2O
(20 mg), Brterpy (32 mg), and KAu(CN)2 (57 mg) to 125 °C
followed by slow cooling to room temperature over a 3 day period.

Single-Crystal X-ray Diffraction Structure Determinations. The
crystal of Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 was mounted on a MiTe-
Gen sample holder using Paratone oil and cooled to 150 K with an
Oxford cryostream for data collection. All of the other samples were
mounted on glass fibers using epoxy adhesive, and the data were
collected at room temperature. Additional crystallographic information
can be found in Table 2.

Crystals of Pb(Clterpy)[Au(CN)2]2 and Mn(Clterpy)[Au(CN)2]2

were found to be nonmerohedral twins by an ∼180° rotation about
the [100] direction in real space. The unit cells were determined
using Cell_Now. Integrations were carried out using the Apex II
software suite, and the subsequent absorption corrections were
applied using the TWINABS software package. The space groups
were determined in APEX II using the intensity data output from
TWINABS. Notably, this did not affect the birefringence measure-
ment since the 180° rotation would not change the orientation of
the axes but just their direction in these specific examples. All of
the other structures were processed with the Bruker APEX II

(36) Bulgarevich, S. B.; Bren, D. V.; Movshovich, D. Y.; Filippov, S. E.;
Olekhnovich, E. P.; Korobka, I. V. Russ. J. Gen. Chem. 2002, 72,
1446.
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software suite. The structures were solved with Sir92. Subsequent
refinements were performed in Crystals.38

The C and N atoms in Pb(Clterpy)[Au(CN)2]2 were refined only
isotropically because of limitations of the data. The structure of
Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 exhibited significant disorder in
some of the Au(CN)2

- and water units. The bridging water molecule
and the disordered cyanides on Au(2) and Au(3) were refined
isotropically.

Diagrams were made using ORTEP-3,39 POV-RAY,40 and
Cameron.41

Birefringence. Birefringence values were measured on plate-
shaped single crystals by means of polarized-light microscopy
utilizing an Olympus BX60 microscope. The optical retardation
was measured using a tilting thick Berek compensator at λ ) 546.1
nm at room temperature. The birefringence was calculated by
dividing the measured retardation by the crystal thickness. Crystal
thicknesses were measured on an FEI 235 dual-beam scanning
electron microscope.

Results and Discussion

Synthesis and Structure of Pb(Clterpy)[Au(CN)2]2. The bulk
syntheses of all of the Clterpy- and Brterpy-containing com-
pounds were conducted in methanol. However, the resulting
product of the benchtop synthesis of Pb(Clterpy)[Au(CN)2]2

contained a mixture of colors, and the elemental analysis
indicated that the product was not pure. Switching the solvent
to water was unsuccessful: mixing Pb(ClO4)2 · xH2O with Clterpy
produced an immediate precipitate of Pb(Clterpy)x(ClO4)2. On
the other hand, reproducing the aqueous reaction under hydro-
thermal conditions produced a pure bulk product with an
elemental analysis that was consistent with the crystal structure.
For the other M(Xterpy)[Au(CN)2]2 compounds, both the

ambient MeOH-based synthesis and the hydrothermal-based
synthesis yielded pure products without incident. However,
larger crystals were obtained hydrothermally.

The crystal structure of Pb(Clterpy)[Au(CN)2]2 contains a
Pb(II) center with a single Clterpy ligand and four Au(CN)2

-

units (Figure 2). The geometry is similar to the geometry around
Pb(II) in Pb(terpy)[Au(CN)2]2, namely, a distorted pentagonal
biprism.18 The Pb(II)-N(pyridine) bond lengths increase from
2.572(16) to 2.610(16) Å in going from N5 to N3 (Figure 2a
and Table S1 in the Supporting Information). The remaining
equatorial sites around Pb(II) are surrounded by two cyanides
with Pb-N(cyano) distances of 2.81(2) and 2.90(2) Å. These
two Au(CN)2

- units are linked to one another via a Au2′-Au2′′
interaction at a distance of 3.3232(19) Å. The axial positions
on Pb(II) in Pb(Clterpy)[Au(CN)2]2 are occupied by two
additional Au(CN)2

- units with Pb-N(cyano) bond lengths of
2.461(18) and 2.85(2) Å, which are on either side of the axial
bond lengths in Pb(terpy)[Au(CN)2]2 [2.623(9) Å].18 As with
the majority of the Pb(II) structures reported, the bonding around
Pb(II) is not symmetric because of the stereochemical lone pair
on this ion.42-50
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(40) Fenn, T. D.; Ringe, D.; Petsko, G. A. J. Appl. Crystallogr. 2003, 36,

944.
(41) Watkin, D. J.; Prout, C. K.; Pearce, L. J. Cameron; Chemical
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Table 2. Crystallographic Data for Pb(Clterpy)[Au(CN)2]2, Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2, Mn(Clterpy)[Au(CN)2]2, and Mn(Brterpy)[Au(CN)2]2

Pb(Clterpy)[Au(CN)2]2 Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 Mn(Clterpy)[Au(CN)2]2 Mn(Brterpy)[Au(CN)2]2

empirical formula, FW C19H10N7Au2ClPb, 972.92 C19H11.48N7Au2BrO0.74Pb, 1030.71 C19H11N7Au2ClMnO0.5, 829.66 C19H10N7Au2BrMn, 865.10
crystal system, space group monoclinic, P21/a monoclinic, P21/m monoclinic, P21/c monoclinic, P21/c
crystal color and habit yellow plate pale-yellow plate yellow plate pale-yellow plate
crystal size (mm3) 0.40 × 0.34 × 0.09 0.50 × 0.41 × 0.10 0.51 × 0.16 × 0.02 0.28 × 0.13 × 0.05
a (Å) 7.873(3) 8.7680(3) 13.607(3) 9.4193(15)
b (Å) 26.978(10) 23.6668(7) 10.612(2) 25.448(4)
c (Å) 10.642(4) 11.2028(3) 32.640(7) 9.8955(16)
R (deg) 90 90 90 90
� (deg) 109.945(4) 111.505(2) 98.573(3) 113.855(2)
γ (deg) 90 90 90 90
V (Å3) 2124.7(14) 2162.87(12) 4660.4(17) 2169.4(6)
Z 4 4 8 4
T (K) 293 150 293 293
Fcalcd (g cm-3) 3.041 3.165 2.365 2.649
µ (mm-1) 21.827 23.171 13.231 15.928
R, Rw [Io g 2.50σ(Io)]a 0.0721, 0.0819 0.0305, 0.0359 0.0496, 0.0621 0.0209, 0.0205
goodness of fit 3.5050 0.8735 1.2911 0.6134
instrument, λ (Å) Bruker Smart Apex II, 0.71073 (Mo)
data collection range 2° e 2θ e 57° 2° e 2θ e 88° 2° e 2θ e 57° 2° e 2θ e 57°
transmission range 0.207-0.746 0.192-0.749 0.467-0.746 0.352-0.746
final cell determination 9944 reflns (all data) 9669 reflns (all data) 3680 reflns (all data) 9932 reflns (all data)
reflections [Io g 2.50σ(Io)] 3743 6909 5837 3309
parameters, restraints 143, 0 294, 53 552, 0 272, 0

a Function minimized: ∑w(|Fo| - |Fc|)2, where w-1 ) [σ2(Fo) + (nFo)2] with n ) 0.010 for Pb(Clterpy)[Au(CN)2]2, 0.010 for
Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2, 0.030 for Mn(Clterpy)[Au(CN)2]2, and 0.010 for Mn(Brterpy)[Au(CN)2]2. R ) ∑||Fo| - |Fc||/∑|Fo| and Rw ) [∑w(|Fo|
- |Fc|)2/∑w|Fo|2]1/2.

18438 J. AM. CHEM. SOC. 9 VOL. 131, NO. 51, 2009

A R T I C L E S Katz and Leznoff



The extended structure of Pb(Clterpy)[Au(CN)2]2 forms a one-
dimensional (1D) ladder (Figure 2b).51 The Pb(Clterpy)2+ units
are linked to one another via the axial Au(CN)2

- units (Au1)
to form 1D chains (the posts of the ladder). The equatorial
cyanides (Au2) link two of the aforementioned chains to one
another, forming the rungs of the ladders (Figure 2b). The
ladders link to one another via 3.1011(14) Å Au-Au
interactions52-58 from the post of one ladder to the rung of a
different ladder, resulting in a 2D sheet (not shown). No short

contacts less than the sum of the van der Waals radii are
observed between neighboring 2D sheets. As with
Pb(terpy)[Au(CN)2]2, all of the Clterpy units in Pb-
(Clterpy)[Au(CN)2]2 are aligned face-to-face.

Structure of Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2. The Pb(II)
center in Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 is at least six-
coordinate, as it is bound to a Brterpy unit, at least two
Au(CN)2

- units, and a water molecule (Figure 3 and Table S2).
The geometry is best described as a distorted octahedron. Two
additional cyanide units could be considered to be bound to
the Pb(II): one of the units is ∼3.3 Å away (longer than any
other reported Pb-N bond lengths59), while the second cyanide
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(52) Bardajı́, M.; Laguna, A. J. Chem. Educ. 1999, 76, 201.
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(58) Katz, M. J.; Sakai, K.; Leznoff, D. B. Chem. Soc. ReV. 2008, 37, 1884.
(59) Harrowfield, J. M.; Miyamae, H.; Skelton, B. W.; Soudi, A. A.; White,

A. H. Aust. J. Chem. 1996, 49, 1121.

Figure 2. Crystal structure of Pb(Clterpy)[Au(CN)2]2. (a) Local geometry
showing thermal ellipsoids. (b) 1D ladder structure of Pb(Clterpy)[Au(CN)2]2

showing all of the Clterpy molecules aligned face-to-face. Color scheme:
Au, yellow; Pb, purple; N, blue; C, green; Cl, pink. Selected bond lengths
(Å): Pb1-N21′, 2.81(2); Pb1-N12*, 2.85(2); Pb1-N22′′, 2.90(2); Pb1-N3,
2.610(16); Pb1-N4, 2.592(16); Pb1-N5, 2.572(16); Pb1-N11, 2.461(18).

Figure 3. Crystal structure of Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2. (a) Local
geometry showing thermal ellipsoids. (b) 1D column of Pb(Brterpy)-
(µ-OH2)0.5[Au(CN)2]2. Color scheme: Au, yellow; Pb, purple; N, blue; C,
green; Br, brown. Selected bond distances (Å): Pb1-N12*, 2.659(5);
Pb1-O11, 2.817(6); Pb1-N3, 2.566(6); Pb1-N4, 2.589(5); Pb1-N5,
2.529(5); Pb1-N11, 2.581(5).
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is significantly closer but is crystallographically disordered. In
one orientation, the bond length is 2.659(5) Å, and in the second
orientation, the two units have a very long separation of 3.15
Å. Thus, depending on the orientation, the Pb(II) coordination
may either be octahedral or distorted pentagonal bipyramidal.
The Brterpy ligand is twisted from planarity, with the two outer
pyridine fragments in Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 bent
toward each other by nearly 20°, like butterfly wings. In
comparison, the same angle in Pb(Clterpy)[Au(CN)2]2 is less
than 10°. Structures with shorter Pb(II)-terpy bond lengths have
planar terpy ligands, indicating that the origin of the twist is
not due to the short bond lengths.50,60-63 The stereochemically
active lone pair is more activated here than in Pb(Clterpy)-
[Au(CN)2]2.

42–45

The supramolecular structure of Pb(Brterpy)(µ-OH2)0.5-
[Au(CN)2]2 contains 1D chains of Pb(Brterpy)[Au(CN)2]+

formed via the Au1 Au(CN)2
- unit. These chains are linked

via a bridging water molecule having bond lengths of 2.817(6)
Å, which is slightly shorter than the long Pb-O bond in
Pb(H2O)[Au(CN)2]2.

17 The overall structure can be considered
to be a 1D column (Figure 3b).51 Additional Au(CN)2

- units
(Au2 and Au31), which, depending on the orientation, may or
may not bind via µ2-cyanides to the two Pb(II) centers, form
Au-Au interactions with short and long distances of 3.3821(6)
and 3.5635(4) Å, respectively, with the bridging Au(CN)2

- units
of Au1.52–58 The shortest interaction between neighboring
columns is a 3.36 Å π-π interaction.64

Structure of Mn(Clterpy)[Au(CN)2]2. The reaction of MnCl2

with Clterpy and Au(CN)2
- in methanol produced plate-shaped

crystals of Mn(Clterpy)[Au(CN)2]2. The structure of Mn-
(Clterpy)[Au(CN)2]2 is similar to that of Mn(terpy)[Au(CN)2]2.

18

An octahedral Mn(II) is coordinated by one Clterpy ligand and
three Au(CN)2

- units, two bridging and one terminal (Figure 4
and Table S3), forming a 1D half-ladder chain.51 The difference
in the structures is in the packing of these chains. In Mn-
(terpy)[Au(CN)2]2, the chains are held together via hydrogen
bonding,18 while in Mn(Clterpy)[Au(CN)2]2, Au-Au interac-

tions at a distance of 3.3018(10) Å link the rung of one half-
ladder to the post of another half-ladder, forming a full 1D ladder
(see Figure 6a).51 The analogous interaction distance in Mn-
(terpy)[Au(CN)2]2 is 3.5926(13) Å.18

As with Mn(terpy)[Au(CN)2]2, all of the Clterpy units in
Mn(Clterpy)[Au(CN)2]2 are aligned face-to-face.

Structure of Mn(Brterpy)[Au(CN)2]2. As with Mn(terpy)-
[Au(CN)2]2

18 and Mn(Clterpy)[Au(CN)2]2, the structure of
Mn(Brterpy)[Au(CN)2]2 contains a 1D half-ladder chain of
Mn(Brterpy)[Au(CN)2]2 units (Figure 4 and Table S4). However,
unlike the chains in the terpy- and Clterpy-containing structures,
which merely link to one additional half-ladder chain to form
a 1D ladder, the chains of Mn(Brterpy)[Au(CN)2]2 link via
3.1253(5) and 3.3098(6) Å Au-Au interactions to form a 2D
sheet (Figure 5).52–58 The shorter interactions form the ladders,
as in Mn(Clterpy)[Au(CN)2]2, while the longer interactions link
neighboring ladders together (Figure 5). The array of Au atoms
does not form an infinite chain but rather links four discrete
Au(CN)2

- units (i.e., two ladders). The full 2D sheet is formed
as different Au units along the ladder link to either the ladder
above or the one below (Figure 5). The Brterpy ligands are all
aligned face-to-face.

Structural Comparisons. The birefringence of a crystal is
attributable to the relative orientation of the molecular compo-
nents in the crystal.2,3 For example, the birefringence of calcite
is due to the face-to-face alignment of the planar carbonate
anions in the crystal lattice.1–3,65 For the view down the C3 axis
of the crystal/carbonate units, the birefringence is zero. However,
for the view along the horizontal mirror plane (h) of the
carbonate unit, the birefringence is 0.172. Thus, for the four
Xterpy compounds presented herein, it is important to examine
the 3D structural similarities and differences in order to evaluate
and interpret the associated birefringence values. The first and
most important global observation is that in all four compounds,
the Xterpy ligands are aligned face-to-face with one another,
as in Pb(terpy)[Au(CN)2]2.

18 As in the case of calcite,1–3,65 this
parallel ligand orientation is believed to be the primary origin
of the high birefringence in Pb(terpy)[Au(CN)2]2.

18
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Figure 4. Crystal structure of Mn(Clterpy)[Au(CN)2]2 showing a 1D chain
of the face-to-face-aligned terpy molecules. Color scheme: Au, yellow; Mn,
purple; N, blue; C, green; Cl, pink. Selected bond distances (Å): Mn1-N12*,
2.232(11); Mn1-N5, 2.257(11); Mn1-N6, 2.216(11); Mn1-N7, 2.249(11);
Mn1-N11, 2.221(11); Mn1-N21, 2.137(14).

Figure 5. Crystal structure of Mn(Brterpy)[Au(CN)2]2 showing how 1D
half-ladder chains link to form full ladder chains via Au-Au interactions.
Additional Au-Au interactions link the ladders to one another. Brterpy
units have been removed for clarity. Color scheme: Au, yellow; Mn, purple;
N, blue; C, green. Selected bond distances (Å): Mn1-N12*, 2.230(4);
Mn1-N3, 2.294(5); Mn1-N4, 2.228(4); Mn1-N5, 2.261(4); Mn1-N11,
2.241(5); Mn1-N21, 2.150(5).

18440 J. AM. CHEM. SOC. 9 VOL. 131, NO. 51, 2009

A R T I C L E S Katz and Leznoff



Substitution of terpy with Clterpy and Brterpy has surprisingly
large effects on the crystal structure of the polymer. In the case
of the three Mn(II)-containing structures, the basic motif is the
same: a 1D half-ladder chain.51 However, the way the rungs
interact differs depending on the terpy-based ligand used.
Au-Au interactions become more prevalent as the terpy ligand
is substituted with Clterpy and Brterpy.52–58 In Mn-
(terpy)[Au(CN)2]2, the shortest distance between neighboring
gold atoms is nearly 3.6 Å, the sum of the van der Waals radii
for gold.66 In Mn(Clterpy)[Au(CN)2]2, the Au-Au interactions
have a distance of 3.3 Å and link two half-ladders to form a
full ladder (Figure 6a).51 Upon substitution of Clterpy with
Brterpy, the Au-Au interactions that hold the ladder together
are even shorter (3.1 Å). Furthermore, unlike the terpy- and
Clterpy-containing structures, the ladders in Mn-
(Brterpy)[Au(CN)2]2 link to one another via 3.3 Å Au-Au
interactions (Figure 5).

The rationale for this observation is related to the steric
constraints of the ligand on the crystal packing. As the ligands
are halogen-substituted, neighboring ladders along the Mn-Cl/
Br direction must be further separated to accommodate the
incorporation of the halogen atom. This effect allows neighbor-

ing ladders in the perpendicular direction (Figure 6a) to come
closer together, forming shorter Au-Au interactions (Figure
6b-d).

The Pb(II) structures all contain similar 1D chains of
Pb(Xterpy)[Au(CN)2]+ (Figure 7a). However, it is in how these
chains link to one another via an additional Au(CN)2

- unit that
the structures change. Similar to Pb(terpy)[Au(CN)2]2,

18 the
structures of Pb(Clterpy)[Au(CN)2]2 and Pb(Brterpy)-
(µ-OH2)0.5[Au(CN)2]2 produce a 1D chain via the bridging axial
Au(CN)2

- units (Au1; Figure 2). However, while the two
equatorial Au(CN)2

- units in Pb(terpy)[Au(CN)2]2 form a 2D
sheet18,51 in which each chain is connected to different chains
(Figure 7b), the two equatorial Au(CN)2

- units in Pb-
(Clterpy)[Au(CN)2]2 link to the same chain, forming a 1D ladder
motif (Figures 2 and 7c). Neighboring ladders are linked to one
another via short 3.1011(14) Å Au-Au interactions52–58 that
connect the rung of one ladder to the post of a different ladder
(Au1 to Au2).

Comparison of the structures of Pb(Brterpy)(µ-OH2)0.5-
[Au(CN)2]2 and Pb(Clterpy)[Au(CN)2]2 reveals a simple rela-
tionship between the 1D chains in the two structures (Figure
7). In both structures, each Pb(Xterpy)[Au(CN)2]+ chain links
to one additional chain. In Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2,
the Au(CN)2

- units that bridge these chains are rotated 90° and(66) Bondi, A. J. Phys. Chem. 1964, 68, 441.

Figure 6. Structural differences between Mn(terpy)[Au(CN)2]2, Mn(Clterpy)[Au(CN)2]2, and Mn(Brterpy)[Au(CN)2]2. (a) 1D ladder of Mn(Xterpy)[Au(CN)2]2

observed in all three structures, viewed along the ladder. (b-d) Views down the 1D ladder in (a): (b) neighboring chains of Mn(terpy)[Au(CN)2]2; (c)
neighboring chains of Mn(Clterpy)[Au(CN)2]2, where the presence of the Cl atom pushes neighboring ladder chains apart, leaving room for the two halves
of each ladder to get closer (i.e., have shorter Au-Au interactions than in Mn(terpy)[Au(CN)2]2); (d) neighboring chains of Mn(Brterpy)[Au(CN)2]2, where
the bromine pushes the neighboring atoms further apart than in Mn(Clterpy)[Au(CN)2]2, allowing for closer Au-Au interactions. Color scheme: Au, yellow;
Mn, purple; N, blue; C, green; Br, brown; Cl, pink.
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slightly shifted down the Pb(Xterpy)[Au(CN)2]+ chain direction
relative to the bridging cyanides in Pb(Clterpy)[Au(CN)2]2. A
water molecule also µ2-bridges the Pb(Brterpy)[Au(CN)2]+

chains.
With respect to the stereochemical lone pair activity, the

equatorial Pb-N(pyridine) bond lengths in Pb(terpy)[Au(CN)2]2

are 2.495(13) and 2.539(8) Å, and the remaining Pb-N(cyano)
bond lengths are 2.623(9) (axial), and 3.016(15) Å (equatorial).
With respect to Pb(terpy)[Au(CN)2]2, the equatorial Pb(II)-N
bond lengths in Pb(Clterpy)[Au(CN)2]2 are longer for the Clterpy
unit and shorter for the equatorial cyanide units (Figure 2 and
Table S1). The shorter span in bond lengths around the Pb(II)
center in Pb(Clterpy)[Au(CN)2]2 indicates that the stereochem-
ical lone pair is less active than in Pb(terpy)[Au(CN)2]2.

42–44

Examination of the bond lengths around the Pb(II) center in
Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 reveals that the span of the
bond lengths is significantly larger (Figure 3 and Table S2),
indicating a more active stereochemical lone pair than in either
the Clterpy- or terpy-based coordination polymer.

Thus, in the series of M(Xterpy)[Au(CN)2]2 polymers, the
slightly different spatial requirements of each ligand is sufficient
to alter the topology and packing, but the key feature of face-
to-face-aligned Xterpy ligands that is critical for the generation
of high birefringence is more-or-less preserved.1–3,18

Birefringence of the M(Xterpy)[Au(CN)2]2 Systems. All four
structures crystallize in the monoclinic crystal class and are
therefore biaxial;2,3 the indicatrix (an ellipsoid representing the
directional dependence of the refractive index) consists of three
unique refractive index components. One of these components
must lie along the b axis (nb), while the other two (nac1 and
nac2) are perpendicular to the b axis and to one another, as
constrained by symmetry. Unfortunately, the birefringence value
that can be measured using optical microscopy is at the mercy
of the primary crystal growth direction. Therefore, the measured
birefringence may not represent the maximum birefringence of
the sample or even the difference between two of the principal
components nb, nac1, and nac2. The birefringence of crystals that
grow as thin plates perpendicular to the b axis represents the
difference between two principal components of the indicatrix

(nac1 and nac2). However, if the primary growth direction is
perpendicular to the a or c axis, then the measured birefringence
is the difference between nb, one of the principal components
of the indicatrix (oriented along the b axis), and a linear
combination of the remaining two principal components, nac1

and nac2. In other words, the birefringence of monoclinic crystals
that grow perpendicular to the a or c axis is ∆n ) |nb - (c1nac1

+ c2nac2)|, where cj is the fractional coefficient of the corre-
sponding refractive index. In the worst-case scenario, the crystal
does not grow perpendicular to a crystallographic axis. In that
case, the birefringence is merely a slice of the indicatrix with a
birefringence given by ∆n ) |(c1nb + c2nac1 + c3nac2) - (c4nb

+ c5nac1 + c6nac2)|.
The crystal growth directions and birefringence values of all

of the compounds are summarized in Table 3.
Pb(Clterpy)[Au(CN)2]2. The birefringence of Pb-

(Clterpy)[Au(CN)2]2 is 0.38(2), which is not significantly
different from the value obtained for Pb(terpy)[Au(CN)2]2.

18

Since Pb(Clterpy)[Au(CN)2]2 grows perpendicular to the c axis,
one difference between the observed birefringence values of
these two compounds is that the birefringence of Pb(terpy)-
[Au(CN)2]2 is the difference between two principal components
of the indicatrix, while this is not necessarily true for the
birefringence of Pb(Clterpy)[Au(CN)2]2 (as explained above).2,3

The latter’s measured birefringence represents a slice of the
indicatrix containing the b axis [∆n ) |nb - (c1nac1 + c2nac2)|].
It should be noted that when a crystal is viewed between crossed
polarizers it does not appear to transmit light when the principal
components of the indicatrix are coplanar with the polarization
planes of either of the polarizers. These positions are known as
extinction positions; they appear every 90° and can be useful
in determining the orientation of the indicatrix with respect to
the crystal growth directions, especially when no symmetry
constraints are present. To that effect, for Pb(Clterpy)-
[Au(CN)2]2, one of the extinction directions is aligned along
the b axis (as required by symmetry). The remaining component
is mutually perpendicular to the b axis and the c axis (the optical
axis of the microscope). The extinction directions in Pb-
(Clterpy)[Au(CN)2]2 are thus aligned with the Clterpy twofold
molecular axes (Figure 8).

Unlike the structure of Pb(terpy)[Au(CN)2]2, in which the
twofold axes of the terpy units are perfectly aligned parallel to
one another,18 in the structure of Pb(Clterpy)[Au(CN)2]2, the
twofold axes of the Clterpy units are not perfectly aligned down
the c axis (Figure 8); the Clterpy units are rotated ∼32° from
the c axis. Nevertheless, the birefringence is remarkably similar
to that of Pb(terpy)[Au(CN)2]2, despite the relatively poor
alignment of the Clterpy units. The rationale for this is likely
due to the projection of the C-Cl bond onto the primary crystal
growth directions,36 moreso toward the plane of the Clterpy face
(pink arrows, Figure 8).

Clterpy shows the highest polarizability in the plane (face) and
the lowest polarizability perpendicular to the plane (face) of the

Figure 7. Structural differences between Pb(terpy)[Au(CN)2]2, Pb-
(Clterpy)[Au(CN)2]2, and Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2. (a) 1D chain
of Pb(Xterpy)[Au(CN)2]+ observed in all three structures, viewed along
the 1D chain. (b-d) Views down the 1D chain in (a): (b) each chain
connects to two additional chains to make 2D sheets in Pb(terpy)[Au(CN)2]2;
(c) each chain connects to one other chain via a bridging Au(CN)2

- unit to
make a 1D ladder in Pb(Clterpy)[Au(CN)2]2; (d) chains connect to one other
chain, this time via µ2-cyanides of an Au(CN)2

- unit and µ2-OH2. Color
scheme: Au, yellow; Pb, purple; N, blue; C, green; Br, brown; Cl, pink; O,
red.

Table 3. Crystal Growth Directions and Birefringence Values (∆n)
for All of the Described Terpy-Based Coordination Polymers

polymer growth direction ∆n

Pb(terpy)[Au(CN)2]2 ac plane 0.396(8)
Pb(terpy)[Ag(CN)2]2 ac plane 0.43(4)
Mn(terpy)[Au(CN)2]2 ac plane 0.388(8)
Pb(Clterpy)[Au(CN)2]2 ⊥ to c axis 0.38(2)
Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2 ac plane 0.26(3)
Mn(Clterpy)[Au(CN)2]2 ⊥ to a axis 0.378(19)
Mn(Brterpy)[Au(CN)2]2 ⊥ to [111j] 0.50(3)

18442 J. AM. CHEM. SOC. 9 VOL. 131, NO. 51, 2009

A R T I C L E S Katz and Leznoff



ligand.36 The addition of a highly polarizable bond along the
highest-polarizability direction of the ligand ultimately increases
the polarizability along the b axis [the slow axis (i.e., the one with
the larger refractive index)] of the crystal (pink arrows, Figure 8).
There is less of a projection of this bond in the perpendicular
direction. This is the likely rationale for why the birefringence of
Pb(Clterpy)[Au(CN)2]2 is maintained as large as in Pb(terpy)-
[Au(CN)2]2 despite the misalignment of the Clterpy ligands.

Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2. The birefringence of Pb-
(Brterpy)(µ-OH2)0.5[Au(CN)2]2 was found to be 0.26(3), the
lowest among the terpy-based polymers reported herein. The
approximate extinction directions are shown as red and green
arrows in Figure 9a. The slow (larger refractive index) direction
is represented by the red arrow. One of the outer pyridine
units is aligned with this extinction direction. Since the Brterpy
ligand is not planar, the extinction direction does not align with
the other two pyridine units. Furthermore, the pseudo-twofold
axis of the Brterpy unit is tilted away from the b axis (Figure
9b). This alignment decreases the anisotropy in the ac plane,
as it orients the ligand so the view is not down the twofold axis
(the orientation of maximum birefringence for terpy). Because
of the alignment of all of the Brterpy units with respect to one
another (Figure 9), no other view is expected to have a
significantly larger birefringence.1–3,36,65

Mn(Clterpy)[Au(CN)2]2. The birefringence of Mn(Clterpy)-
[Au(CN)2]2 is 0.378(19), which is not significantly different from
the birefringence of Mn(terpy)[Au(CN)2]2, Pb(terpy)[Au(CN)2]2,
or Pb(Clterpy)[Au(CN)2]2. Crystals of Mn(Clterpy)[Au(CN)2]2

grow perpendicular to the a axis. Thus, one of the extinction
directions is parallel to the b axis, while the other observed
extinction direction is mutually perpendicular to the b and a
axes (Figure 10). The fast (lower refractive index) axis in this
case is the b axis. This is structurally consistent with the other
terpy-based compounds. As with Pb(Clterpy)[Au(CN)2]2, the
measured birefringence is not required to be the difference of
two principal components of the indicatrix (by symmetry, only
the b axis must contain a principal component of the indicatrix).

Interestingly, the birefringence of Mn(Clterpy)[Au(CN)2]2 is
approximately the same as the birefringence in Mn-

(terpy)[Au(CN)2]2,
18 despite the fact that the packing of the

Clterpy units in Mn(Clterpy)[Au(CN)2]2 is not perfectly parallel

Figure 8. Crystal packing of Clterpy units in Pb(Clterpy)[Au(CN)2]2. View
rotated 10° around the b axis, showing the face-to-face alignment of the Clterpy
units. This direction is proposed to be one of the principal components of the
indicatrix on the basis of the parallel alignment of the Clterpy units. The pink
arrows represent the projection of the C-Cl bonds on the plane of the paper.
The lengths of the arrows have been magnified for clarity; the relative size is
accurate. The Pb(II) and Au(CN)2

- ions have been removed for clarity.

Figure 9. Crystal packing of Brterpy units in Pb(Brterpy)(µ-
OH2)0.5[Au(CN)2]2. (a) View down the b axis. The red and green arrows indicate
the extinction directions for this view, with the red arrow indicating the larger
refractive index. (b) View perpendicular to the crystal growth direction, showing
the alignment of the Brterpy units. Pb(II), Au(CN)2

-, and water molecules have
been removed for clarity.

Figure 10. Crystal packing of Clterpy units in Mn(Clterpy)[Au(CN)2]2 viewed
down the a axis, showing the alignment of the Clterpy units. The pink arrows
represent the projections of the C-Cl axes on the bc plane. The lengths of the
arrows have been magnified for clarity; the relative size is accurate. Mn(II),
Au(CN)2

-, and water molecules have been removed for clarity.
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(Figure 10). Neighboring chains of Mn(Clterpy)[Au(CN)2]2

contain Clterpy units that have a 20° twist with respect to one
another (Figure 10). Furthermore, the a axis and the twofold
axis of the Clterpy units are not parallel (8° tilt).

Because of the poorer alignment of the Clterpy units in
Mn(Clterpy)[Au(CN)2]2 versus the alignment of the terpy units in
Mn(terpy)[Au(CN)2]2, it would be expected that, all else being
equal, the birefringence of Mn(Clterpy)[Au(CN)2]2 would be lower
than that of Mn(terpy)[Au(CN)2]2. In order for the birefringence
of Mn(Clterpy)[Au(CN)2]2 to remain as high as the birefringence
of Mn(terpy)[Au(CN)2]2, the polarizability anisotropy in Clterpy
(perpendicular to the crystal growth direction) must be larger than
the polarizability anisotropy in terpy.

It is likely that this small 8° tilt is the reason the birefringence
of Mn(Clterpy)[Au(CN)2]2 remains as high as that of Mn-
(terpy)[Au(CN)2]2. As in the structure of Pb(Clterpy)[Au(CN)2]2,
the C-Cl bond is tilted more toward the c axis (the slow axis), as
shown by the projection of the C-Cl bond on the bc plane (pink
arrows, Figure 10).36 The addition of the polarizability anisotropy
of this bond in this direction likely increases the birefringence.36

Therefore, the combination of the poor Clterpy alignment and the
added polarizability anisotropy of the C-Cl bond36 cancel one
another out, so the birefringence of Mn(Clterpy)[Au(CN)2]2 is not
significantly altered from that of Mn(terpy)[Au(CN)2]2.

Mn(Brterpy)[Au(CN)2]2. The birefringence of Mn-
(Brterpy)[Au(CN)2]2 is 0.50(3). This represents the largest
birefringence value reported for a coordination polymer to date.
This result supports the concept that highly birefringent materials
can be rationally designed using coordination polymer synthetic
methodology. Crystals of Mn(Brterpy)[Au(CN)2]2 grow per-
pendicular to the [111j] direction. One of the extinction directions
is along the projection of the b axis on the (111j)-plane. The
other extinction direction is mutually perpendicular to the
aforementioned direction and the [111j] direction. The slow axis
is the projection of the b axis (Figure 11).

Interestingly, the crystal growth direction in Mn(Brterpy)-
[Au(CN)2]2 is not perpendicular to any of the unit cell axes.
Thus, the observed birefringence is merely a slice of the
indicatrix and does not indicate the maximum possible bire-
fringence of this sample. Amazingly, despite this fact, the

birefringence is larger [∆n ) 0.50(3)] than those of the terpy-
and other Xterpy-based coordination polymers. The Brterpy
units (Figure 6) in Mn(Brterpy)[Au(CN)2]2 have two orientations
relative to the [111j] direction. The twofold axis of one Brterpy
ligand is almost parallel (∼10° tilt) to the [111j] direction (Figure
11). The second Brterpy unit is significantly more twisted, with
the twofold axis rotated ∼48° away from the [111j] direction
(Figure 11).

Since the polarizability anisotropy of a C-Br bond is similar
to that of a pyridine unit,36 the projection of the C-Br bonds
on the (111j) plane (red arrows, Figure 11) is likely the source
of the large birefringence, despite the “poor” alignment of the
Brterpy ligands (Figure 11).

Other Factors. Although the interpretations of the sources
of the high birefringence values have been argued primarily
from a polarizability standpoint, there are other factors that
impact the observed birefringence. For example, the density
anisotropy of the sample along different directions does have
some effect on the observed birefringence (eq 1). However, the
impact of these variations in density can be difficult to gauge.

Conclusion

Four new coordination polymers were synthesized, and their
birefringence values were measured. In line with the rational
design approach for synthesizing new birefringent polymers,
more polarization anisotropy was added to the terpy ligand via
the addition of carbon-halogen bonds. A methodology for
interpreting the measured birefringence values in terms of the
3D structures and orientations of polarizable units therein was
also implemented. In Pb(Clterpy)[Au(CN)2]2 and Mn-
(Clterpy)[Au(CN)2]2, the addition of the halogen did not increase
the birefringence. However, the substitution did maintain a high
birefringence despite the relatively poorer alignment of the
Clterpy units in comparison with the terpy units in
Pb(terpy)[Au(CN)2]2. When the more polarizable Brterpy ligand
was used, the birefringence of Pb(Brterpy)(µ-OH2)0.5[Au(CN)2]2

decreased significantly because of the structure and subsequent
relatively poor alignment of the Brterpy units. However, in the
Mn(Brterpy)[Au(CN)2]2 polymer, the birefringence was larger
than that of its terpy predecessor, Mn(terpy)[Au(CN)2]2, and
represents one of the highest birefringence values for solids
reported to date. The increase in birefringence was attributed
to the presence of a C-Br bond that is well-aligned in the
measurement plane. Thus, the presence of highly polarizable
halogen atoms can be used to increase the birefringence of a
coordination polymer if the halogen substitution position is
judiciously chosen and properly aligned by the polymer
framework/packing. This provides valuable guidance for the
rational design of more highly birefringent coordination polymer
materials, a new class of compounds that now contains some
of the most highly birefringent solids reported to date.
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Figure 11. Crystal packing of Brterpy units in Mn(Brterpy)[Au(CN)2]2 viewed
along the [111j] axis, showing the alignment of some of the Brterpy units. The
red arrows represent the projections of the C-Br axes on the (111j) plane. The
lengths of the arrows have been magnified for clarity; the relative size is
accurate. Mn(II) and Au(CN)2

- have been removed for clarity.
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