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Three new copper iodobismuthates, red tetranuclear [n-BusN][Cux(CH3CN),Bizlio] (1), dark-red infinite linear
[EtaN]24[Cu,Bialig]s (2), and black polymeric ladderlike [Cu(CH3CN)4J2q[Cu2Bizlio] (3), crystallize from solutions of
Bil; and Cul in the presence of different cations. A regular structural relationship from 0-D (1) to 1-D linear anion
chains (2) to 1-D ladderlike anion chains (3) is observed. The self-assembly of the basic building unit Cu,Bi,li as
altered by different cations is proposed to be the driving force for their formation. The optical band gaps exhibit a
structure-related decrease from 1 to 2/3, in agreement with their color changes and the density functional theory
(DFT) calculation results. The electronic structures and the relationship with corresponding monobismuth analogues
and the Ag—Bi isotypes are discussed on the basis of DFT calculations. In spite of their structural similarities, the
compounds are distinctive thermally: 2 is stable to 230 °C, 1 undergoes a solvent loss at 85 °C to form a new
phase that is thermally stable to 230 °C, and 3 releases a solvent molecule and decomposes at 80 °C into Bils
and Cul. The essential reasons for these differences are discussed.

Introduction family is the diverse anionic structure motifs, which range
from discrete mono- or polynuclear species to infinite higher
dimensional (1-, 2-, or 3-D) varieties, which are altered by

Gchanging the reaction conditions and, especially, the size/
charge of the cations. Several recent efforts have shown that

the heterometallic bonding interactions, (M = Pb or

Bi) together with TM-I (TM = Ag or Cu), yield unprec-
edented bimetallic complexes and lead to their novel optical
propertiest® 133 Compared with the monometallic M

*To whom correspondence should be addressed. E-mail: chenl@ compounds (M= Pb or B')' the geometry or connectivities
fiirsm.ac.cn. Tel: (011)86-591-83704947.

The chemistries of the heavy p-block element iodometa-
lates AM{y (A = cation; M= Sn, Pb, Sb, or Bi) have been
widely investigated for several decades and have been foun
to exhibit numerous remarkable optical and electronic
properties such as semiconductivity (even metallic conduc-
tivity), luminescence, nonlinear optical activity, and ferro-
electricity! 32 The major structural characteristic of this
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Table 1. Crystallographic Data and Refinement Details for Compouhd3
QgHggCUB“sNz (1) CstoCUB“sN (2)

empirical formula CgH12CWwBilsN4 (3)

fw 1190.54 1037.28 1134.80

cryst syst triclinic triclinic triclinic

z 2 2. 2

space group P1 (No. 2) P1 (No. 2) P1 (No. 2)

a(A) 12.035(5) 8.518(1) 8.340(4)

b (A) 12.357(5) 10.871(1) 11.000(6)

c(A) 13.231(5) 11.425(1) 13.342(7)

a (deg) 109.667(4) 93.642(3) 111.406(5)

B (deg) 91.205(1) 99.261(6) 90.506(6)

y (deg) 117.254(2) 98.105(6) 90.458(5)

V (A3 1610.7(1) 1029.8(2) 1139.4(10)

D¢ (g cnr3) 2.455 3.345 3.308

u (mmY) 10.915 17.044 16.322
R1,wR2] > 20(I)]2 0.0378, 0.0948 0.0396, 0.0991 0.0504, 0.1335
diff peak, hole (e A3) +0.938,—2.226 +2.768 (0.90 A from Bi1), +2.148 (1.02 A from Bi1),

—4.274 (0.84 A from Bi1)

AR1= 3||Fol = [Fell/XIFol. WR2 = [FW(Fo> — F?)7 3 W(Fo)?7 Y2

of the building blocks, e.g., Ml octahedral units, are
significantly changed by the TMI bonding. Moreover, the

—2.458 (0.94 A from Bi1)

etc.)?>2730 and to 2-D layers (e.qg., [Bif], and [Bblg®>],).32%2
However, only three heterometallic examples are known:

TM atoms also contribute to the electronic structures and [CuBisl1g> ]n, ' [Ag2Bial1¢ ]n, and [AgBil 16?032 Here we
therefore introduce novel properties of the compounds. For utilize a series of 4+ cations,n-BusN*, E4,N™, and Cu(CH-

example, the infinite linear [Pk chain may be decorated
by either tetrahedral Aglor trigonal Cu} species to give
either a novel fatter heterometallic chain or a rigid cHdin.

CN),", with more-or-less gradual decreases in size but
increases in flexibility to generate three new heterometallic
Bi/Cu/l structures. Their single-crystal structures, optical

Recent studies of Pb/TM/I systems reveal that the unusualband gaps, and electronic structures on the basis of density

“octahedral Pk’ with a cis divacant coordination sphéte
may be generated by involvement of the FMbonding,
leading to a new redinfrared (IR) fluorescence. Although
Bi is a neighboring element of Pb with similar cationic size
and octahedral coordination characténgir oxidation states

are different, and different but related chemistries might be

expected. To datey60 iodobismuthates overall are known
structurally with a large spectrum of organic cations, and

these show about 20 different monometallic structural types.

Their anionic moieties range from isolated clusters (e.g.,
[B|| 5]3_, [Bi2|10]4_, [B|4| 16]4_1 [Bi6|22]4_, etC.)M_ZG to infinite
chains (e.g., [BU ]n, [Bils> ]n, [Bial1s In, [Bisl2s* ]

(16) Lazarini, FActa Crystallogr, Sect C: Cryst Struct Commun198Q
9, 815.

(17) Zhu, X. H.; Mercier, N.; Frere, P.; Blanchard, P.; Roncali, J.; Allain,
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H. Aust J. Chem 1998 51, 293.
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(27) Geiser, U.; Wang, H. H.; Budz, S. M.; Lowry, M. J.; Williams, J. M.;
Ren, J. Q.; Whangbo, M. Hnorg. Chem 199Q 29, 1611.

(28) Rogers, R. D.; Bond, A. H.; Aguinaga, S.; Reyes JAAm Chem
Soc 1992 114(8), 2967.

(29) Mitzi, D. B.; Brock, P.Inorg. Chem 2001, 40, 2096.

(30) Goforth, A. M.; Peterson, L.; Smith, M. D.; zur Loye, H. L.Solid
State Chem2005 178, 3529.

(31) Mitzi, D. B. Inorg. Chem 200Q 39, 6107.

(32) Sidey, V. I.; Voroshilov, Y. V.; Kun, S. V.; Peresh, E. ¥. Alloys
Compd 200Q 296, 53.
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functional theory (DFT) calculations are reported. The
systematic structural relationships, band-gap changes, and
thermal stabilities among these are also discussed.

Experimental Details

Materials and Methods. All chemicals and solvents were used
without further purification. The powder X-ray diffraction (XRD)
data were collected by means of a BDX 3300 X-ray diffractometer
(Cu Kay, 4 = 1.54056 A) at a scanning rate of/tin. The
elemental analyses were carried out on a Vario EL Il element
analyzer, and the IR spectra were recorded on a Perkin-Elmer FT-
IR spectrophotometer. The thermogravimetric analyses (TGA) and
differential scanning calorimetry (DSC) measurements were per-
formed on pure polycrystalline samples with a STA449C Instrument
by Netzsch under flowing Nwith a heating rate of 1%C/min over
a temperature range of 300 °C. The diffuse-reflectance UV
visible spectroscopy (1961100 nm) was performed at room
temperature in a reflectance mode on a Perkin-Elmer Lambda 35
UV —visible spectrometer equipped with an integrating sphere and
with BaSQ as the reference material.

Preparation of [n-BusN][Cuz(CH3CN).Bisl 1] (1). A mixture
of Bil3 (0.1 mmol, 60 mg), Cul (0.1 mmol, 19 mg), aneBuyNI
(0.1 mmol, 37 mg) was stirred in a 10 mL mixed solvent of,Me
CO and CHCN (1:1, v/v) in air for 30 min, and then about 20 mL
of i-PrOH was added into the resulting solution. After 3 days, 78
mg of red block-shaped crystals was obtained 4C4(a 65.5%
yield on the basis of B). Anal. Calcd forl (dried): C, 18.16; H,
3.30; N, 2.35. Found: C, 17.95; H, 3.25; N, 2.34. IR (KBr,dmn
2958s, 2929s, 2871s, 2347w, 1467s, 1439m, 1379m, 1167w, 1032w,
894w, 877w, 435m. The IR spectrum and the assignment of
characteristic vibrations are shown in Figure S4-1 of the Supporting
Information.

Preparation of [Et4N]zn[Cu2Bizlig]n (2). Similarly but with a
different cation, Bi (0.1 mmol, 60 mg), Cul (0.1 mmol, 19 mg),
and EtNI (0.1 mmol, 26 mg) were dissolved in a 10 mL MO/
CH3CN mixture (1:1, v/v) over 30 min in air, and then about 15
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Scheme 1. Schematic Diagram of the Rational Design Strategy and the Outline of the Synthetic Routes of Conipe8inds
building block tetranuclear unit X

|4 l/C‘(‘\, [2-

NI N '\L/'\i/'

e \I/ \I I/| \I/ \I
~

Cu
\
X
modulation by the cations
-B-.N"l Et.,N*l Cu(CH,CN)fl
1 2 3
(tetranuclear cluster)  (linear chain) (ladder-like chain)

mL of i-PrOH was added to the solution. A total of 68 mg of dark- Results and Discussion
red block-shaped crystals was obtained after 3 days@t(4 65.6% ) o )
yield on the basis of Bi). Anal. Calcd for2 (dried): C, 9.26; H, Rational Syntheses and Structural Modification.As is

1.94; N, 1.35. Found: C, 9.42; H, 1.90; N, 1.34. IR (KBr, T generally accepted in crystal design, the size, charge, and
2999m, 2977s, 2940m, 1452s, 1395s, 1367m, 1302m, 1179s,geometry of the countercations have crucial impacts on the
1116w, 1074w, 1027m, 999m, 789s. The IR spectrum and the gnjonic structures through charge balance, fragment packing,
assignment of characteristic vibrations are shown in Figure S4-3 51 spatial arrangement. Thus, a series of compounds
of the Supporting Information. constructed from the same/similar anionic fragment would

Preparation of [Cu(CH 3CN)4]2,[Cu2Bizl 1g]n (3). A mixture of - . . .
Bil; (0.1 mmol, 60 mg) and Cul (0.2 mmol, 38 mg) was stirred in be an ideal system on which to study the rational synthesis;

a 10 mL mixed solvent of MO and CHCN (L:1, v/v) for 30 however, find.ing. such a system _is a challenge. Previous
min in air. A mass of 69 mg of black block-shaped crystals was 'eports have indicated that the {Bb]* anion might be a
obtained 3 days after covering the resulting solution with a layer Suitable candidate as an anionic building block because it
of i-PrOH (a 60.8% vyield on the basis of Bil Anal. Calcd for3 crystallizes with different 4+ cations without notable ge-
(dried): C, 8.47; H, 1.07; N, 4.94. Found: C, 8.21; H, 1.13; N, ometry change¥+°On the other hand, heterometal atoms
4.15. IR (KBr, cm?): 3577s, 2986w, 2924w, 2291w, 2254m, gre highly desirable in the Bi/l system because the additional
1606s, 1432m, 1404m, 1365m. The IR spectrum and the assignmenfyonding interactions are responsible for the diverse novel
of characteristic vibrations are shown in Figure S4-4 of the structures. They also give rise to interesting properties in

Supporting Information.
The three products dissolve well iN,N-dimethylformamide Pb/TM/I systems, as was shown recenfl:We have started

(DMF), CH,CN, or Me&CO but not in EtOH or KO. our explor.ation. by formally introducing Cuions into
Crystal Structure Determinations of Compounds +3. Suit- Bizlig*™ anions in a CHCN solution. As we expected, a

able single crystals df—3 were selected and mounted on thin glass tetranuclear cluster irl, [n-BusN]2[Cu(CHzCN):Bizliq],
fibers with the aid of an epoxy resin. The XRD data were collected without breaking the primary building block, the BBig)*~
at 293(2) K on a Rigaku Mercury CCD diffractometer (MaKi dimer, was obtained, and more interestingly such a tetra-
= 0.71073 A). An empirical absorption correction based on multiple nuclear heterometallic anion can also serve as a conceptual
measurements of equivalent rejlections was applied to each dat%uilding unit in two novel bimetallic polymers ir2,
ety eyl he Sty ere SO  [EUN] (GBS [CUCHON-CuB1A i

y quares using  yigtarent cations (see Scheme 1 and details below). These

the SHELXL-97software package without any unusual evéhts. h d hibit N . dificati fth
All H atoms were refined with a riding mode. Some crystal data three compounds exhibit nice stepwise modifications of the

and refinement details are gathered in Table 1. The fractional atomic@nionic structures from a discrete tetranuclear clusteto(
coordinates and thermal parameters are listed in Tables S1, S32 linear polymeric chain?) to a ladderlike polymeric chain
and S5 of the Supporting Information, and selected bond lengths (3) with a more-or-less gradual decrease of the cation size
and angles are listed in Tables S2, S4, and S6 of the Supportingand an increase in its flexibility. Remarkably, such structural
Information.

Computation Descriptions. The crystallographic data df-3 (34) CrystalClear,version 1.3.5; Rigaku Corp.: Woodlands, TX, 1999.
were employed for theoretical calculation with further optimization. (35) SHELXTL version 5.1; Bruker-AXS: Madison, WI, 1998.

All density of states (DOS) calculations were performed using the (36) Papageorgiou, N.; Ferro, Y.; Salomon, E.; Allouche, A.; Layet, J. M.;
Giovanelli, L.; Le Lay, G.Phys Rev. B 2003 68, 235105.

6 i 70 i vieti _
DMQLS _codé according to DFT including relatlylstlc ap- (37) Kohn, W.. Sham, LPhys Rev, A 1965 140, 1133,
proximations on core electroA$The exchange-correlation energies  (38) Koelling, D. D.; Harmon, B. NJ. Phys. C: Solid State Phy$977,
were calculated using the PerdeWang generalized-gradient 10, 3107.

; i B9 ; ; ; (39) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
approximatior?® The smearing width for the DOS is 0.002 ha. The M. R. Singh. D. J.: Fiolhais. CPhys Rev. B 1992 46, 6671,

other calculation parameters and convergence criteria were set by40) Charmant, J. P. H.; Norman, N. C.; StarbuckAdta Crystallogr,
the default values of thBMOL3 code. Sect E.: Struct RepOnline 2002 58, M144.

8700 Inorganic Chemistry, Vol. 46, No. 21, 2007



A Series of New Copper lodobismuthates

Figure 3. Ladderlike polymeric chain, [GBizl1¢>]n, Of 3.

Figure 1. Structure of the isolated anion, [§CH3CN)Bizl10]%~, in 1.
Color code: Bi, green; Cu, blue; |, red; N, deep blue; C, gray; H, white. The repeat unit is structurally similar to the isolated anionic

cluster in1. The Bils octahedra in2 are more distorted
judging from the larger range of the BI bond lengths,
2.8687(7)-3.3898(7) A, owing to more sharing of | atoms,
with an average of 3.11 A (Table S4 of the Supporting
Information). However, the BiBi distance in2 is signifi-
cantly shorter than that ih (4.8479(8)vs 5.071(2) A). Such
a shortening is probably favored by the additional condensa-
tion and greater sharing of | atoms. The-8tu distance,
Figure 2. Linear polymeric chain, [CaBi2l1¢? ]n, Of 2 along thea axis. 3.10(1) A, is significantly less than that in the discrete
Color code: Bi, green; Cu, blue; |, red. [Culg]* dimer, 3.80(3) A% because of the constraints of

) - ) _condensation. The Cutetrahedron is normal, with Cu
qulvgment is reflected'by the related variations in their bond lengths that vary only slightly, 2.636(2.664(1) A,
intrinsic colors and optical band gaps. Such structaral \iun 3 2 65 A average. The heterometallic chain®iare
optical correl_atlons have also been studied on the basis Ofarranged into a pseudolayered motif (Figure S2 of the
DFT calculations (below). Supporting Information) with the BY* cations between

Structu.re Despriptions. The structgre ofl has, been them. This structure is the most thermally stable ambng
characterized (Figure 1) as a new Bi/Cu/l anionic cluster, (see the Thermal Properties section)

Y .
LQUzECrl;IsgN)zBlzlﬁo] A constrltjcted by .CoTldeTS?t'?]n dOf Ia The anion of3 is also constructed by the tetranuclear
loctahedron [Bdi]*" and two nominally tetrahedra [Cu,Bizl10)% building units but in a different way, namely,

2_ - . .
[CulsN]*", both via shared 11 edges. The acetonitrile a shoulder-to-shouldematif, in which the repeat units are

molecule bonded to each Cu:ompletes t'he 'coordi'n.ation connected at both Cuand Bik sites via common 12 atoms
sphere and thereby terminates its coordinating ability. The to generate a ladderlike chain along thaxis (Figure 3). A

compound adopts 1 space group with an inversion center key parameter to illustrate the difference is the-G

at th_e mit_:lpoint of t.h? cluster. The crystallog_raph_ically distance between adjacent tetranuclear units, 5.19(2) A,
identical Bi atoms exhibit common Bibctahedra, with Bt which is 67% greater than that B The geometry within

bond lengths ranging from 2.903(1) to 3'.322(1) A Wit_h 2 the [Bial1g*] bioctahedral subunit shows no significant
3.10 A average (Table S2 of the Supporting Information), change fron®, and the Bt-| bond lengths are in the normal

T A 1840
Y_'Vh'Ch IS ?lhmlltar t;. thatt r?fda q:;nerlc a'lﬁ danlon.f range from 2.923(2) to 3.334(2) A (3.10 A average; Table
owever, the two By octahedra iri are pushed away from, S6 of the Supporting Information). Also, the-BBi distance

.bUt bentdtoI;eraBr.da.e?ch othSeB;uldgin’g froT;;ls Zig;\ificil;tly within the bioctahedron, 4.803(2) A, is similar to thatdn
g_clre4a§3_ ! dlsdance[ ' q +:B('—)I 4 t;/s d. I( ) 16E|3n566 which suggests the different packing pattern does not
Izl1¢" dimer] and decreased B ond angle [168.56- .4 ence the geometry of the building unit itself. The

(2)° vs 176.1(2) in the Bilyg™ dimer]® The change is in geometry about tetrahedral Cyid normal, and the distance

g_ccorldanuta Wtith }hi BCU._M. a.?glf' tﬁutcg t?Ntetr?Bf. ©  petween Cu and a fifth | (14) in a neighboring unit (shown
Inuclear structural change is similar to that betweam &t as a dashed line in Figure 3) is 3.786(2) A, far beyond a

and Bil1g*™ anionst?1821.49The rough tetrahedral geometry reasonable bonding range

gtgc;u't&gl; erggﬂ?rbxghls: avigggo?(%?dAlse?n%iT: a?[fe q The cationic Cu atoms i are coordinated by four solvent
' g ' : molecules as [Cu(C¥N),]* and are well distributed around

in Figure S1 of the Supporting Information, the [iDHs- the anionic chains in the crystal, as shown in Figure S3 of

o )
CN)oBizl1]*" anions are surrounded and well-separated by y, Supporting Information. Under heating, such cations lose

then-Bu:N* cations. The loss of solvent molecules coordi- . . )
. .CHiCN, | in ramatic | f ili h
nated to Cu on the cluster upon heating leads to decomp03|-C sCN, leading to a dramatic oss of stability fBi(see the

) .~ Thermal Properti ion).
tion of 1 and a structural change (see the Thermal Properties erma ope.t s sectq ) . . .
section). In summary, in comparison with the discrete clustet,in

o . o phase2 and 3 exhibit obvious decreases (about 30%) in
The anionic structure a? (Figure 2) features an infinite - L
. . the crystala parameters, that is, in the extended direction of
1-D heterometallic chain constructed by the tetranuclear

building units [CuBil1]*" joined at the Cujsite via sharing (41) Hartl, H.; Brudgarn, I.; Mahdjour-Hassan-Abadi, Z.Naturforsch
of the 14—14 edge head-to-headnotif) along thea direction. 1985 40b, 1032.
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Figure 4. Plot of F(R)? vs photon energy fot—3 and Bils.

each anionic chain. This variation may originate with the
size difference of the cations. The largeBusN* cations

in 1 sufficiently separate the contacts between the isolated
anionic cluster units, but the smaller cationsZ#3 allow
condensed chains.

Optical Properties. The diffuse-reflectance spectrabf 3
and of Bik have been measured and plotted in Figure 4 as
aF(R)? vs photon energy diagram according to the Kubelka
Munk funtion#2-44 Their optical band gaps gEdetermined
by the extrapolation methét*are 2.06, 1.89, 1.80, and 1.73
eV, respectively, with the result for Bil 1.73 eV, being
consistent with the reported valtre.

The clear decrease ofyErom 1 to 3 is consistent with
their darkening from red1j to black @). Such changes
should mainly relate to the structural differences of the
anionic moieties because the energetically lower-lying cation
bands will only have minor effects on the band structures
around the Fermi levels. Theg Ealues of these compounds
appear to parallel the intervals of the building units (Table
2).

Plots of the total and partial DOSs far-3 are presented
in Figure 5 (middle). Consistently, the top of the valence

Chai et al.

2
[Ag;Bilyg Iy

DOS
Figure 5. Total and partial DOS plots of (left)nfBusN]zn[Bial14]n,
(middle) compound4&—3, and (right) [EiN]2,[Bi2Ag2l10]n With the Fermi
levels set at zero. Black lines represent the total DOSs, and the colored
lines represent the partial DOSs as follows: olivine dashed, Bi; pink dotted,
I; blue dash-dotted, Cu; purple dash-dotted, Ag (in the right panel).
Additionally, the cyan dash-dot-dotted line3mrepresents the partial DOSs
of the solvent-coordinated Cu2 cation.

Table 2. Intervals of the Building Units and theg/alues of1—3

compound
1 2 3
interval of the building units (A)4)  12.035(5) 8.518(1) 8.340(4)
observed g(eV) 2.06 1.89 1.80
calculated g (eV) 2.02 1.86 1.90

However, the observed different band gaps (.05 1.86
eV) suggest that Cu and Ag play different roles in the
electronic structures. Therefore, DFT calculations were
carried out. As shown in Figure 5 (left), the band structure
of the monometallic f-BusN]2n[Bi 4l 14]n,2® Which possesses

a chain motif similar to that o2, exhibits a distribution of
Bi—I bonding states, | nonbonding states (which construct
the HOCO, highest occupied crystal orbital), and—Bi
antibonding states (which construct the LUCO, lowest
unoccupied crystal orbital) around the Fermi level as the
energy increases. With the introduction of Cu, Figure 5
(middle), the corresponding | nonbonding and-Bianti-
bonding states show no significant energetic changes, but

band for each compound is generated by | and Cu, and they,o ¢\4-| antibonding states have now been inserted between

bottom of the conduction band consists of the partial DOSs
of Bi and I. The decreasing trend of the calculatgdrem
1to 2/3 agrees approximately with the experimental observa-
tions. The effective transition edges @f3 can all be

them. Accordingly, the tops of the valence bands of the Cu
analogues now derive nearly entirely from | and Cu orbitals
and, consequently, the energy gaps have decreased. Dis-
similarly, the results for the Ag/Bi analogue 2f(Figure 5,

assigned as charge transfers from occupied 3d orbitals ofyiqpy gggest that the introduction of Ag does not influence

Cu and 5p states of | to empty 6p orbitals of Bi and 5p states
of I. In the case of3, the cationic Cu2 atom does not
contribute to the frontier orbitals, as expected.

The silver iodobismuthate [B]2,][Ag 2Bi2l10]n is known
to be identical with2 structurally, with a comparable 1D
chain constructed from a [pBi,lig]>~ tetranuclear repeat
unit, 3 consistent with their usual coordination similarities.

(42) Kotum, G. Reflectance Spectroscqp$pringer-Verlag: New York,
1969.

(43) Wendlandt, W. W.; Hencht, H. Greflectance Spectroscqopyter-
science: New York, 1966.

(44) Tandon, S. P.; Gupta, J. Phys. Status Solidi97Q 38, 363.

(45) McCarthy, T. J.; Tanzer, T. A.; Kanatzidis, M. G.Am Chem Soc
1995 117, 1294.

(46) Cao, G.; Rabenberg, L. K.; Nunn, C. M.; Mallouk, T.Ghem Mater.
1991, 3, 149.
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the components of the HOCO because the Ag-related states
lie at lower energies. Thus, the energy gap is 2.05%/03

eV larger than that forf-BusN]2,[Bi4l14],2% an increase that
might derive from the distortion of the Bil skeleton by the
involvement of Ag ions. These opposed; Ehanges with
respect to the monometallic [Bi~] come from the fact
that Cu contributes to the top of the valance band, pushes it
up, and thus leads to a smalley, But Ag hardly contributes

to the HOCO, and its lower energy slightly influenceg E
by altering the overall electronic structure.

Thermal Properties. TGA and DSC curves obtained on
the polycrystalline samples df-3 are shown in Figure 6,
whereas the purities of samples checked first by XRD
measurements are shown in Figures 7b, 8b, and 9b, respec-
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Figure 6. TGA/DSC curves of compounds-3.
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Figure 7. XRD patterns for a polycrystalline sample &if (a) calculated Figure 8. XRD patterns for a polycrystalline sample 2 (a) calculated

attern from the single-crystal data; (b) observed at room temperature; (¢ . .
gnnealed at 100C ur?der gM atmosprge)re for 24 h and quencheF:i to room( ) pattern; (b) observed at room temperature; (c) annealed at1mder a
temperature; (d) annealed at 210 under a N atmosphere for 24 h and N2 atmosphere for 24 h and quenched to room temperature.

guenched to room temperature. .
and quenched to room temperature gives an XRD pattern
tively. Only 2 shows no weight change up 230 °C. right afterward that matches that &fA well (Figure 7d).
Compoundl exhibits a weight loss of about 3.67% (calcd: Thus,1-A appears to be a new Bi/Cu/l structure that exists
3.45%) around 85C corresponding to the loss of GEN between 85 and 218C, melts congruently at 14%C, and
ligands. The XRD pattern taken right aftewas annealed  decomposes above 23G. Contrarily, compouna is stable
at 100°C under a M atmosphere for 24 h and quenched to up to 230°C judging from the consistency of the XRD
ambient temperature (Figure 7c¢) shows a set of totally dif- patterns of the room-temperature specimen and the one
ferent diffraction peaks relative to the original at room tem- annealed at 210C for 24 h (Figure 8c). The endothermic
perature (Figure 7b). Such an unknown phase was assignegeak for compound® at about 80°C corresponds to the
as1-A. Melting of 1-A is observed at about 14%, such weight loss of about 14.03% (calcd: 14.47%) of LM
that 1 annealed at 210C under a N atmosphere for 24 h  molecules and its decomposition to trigonal &ilus cubic
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Figure 9. XRD patterns for a polycrystalline sample &f (a) calculated
pattern; (b) observed at room temperature; (c) annealed atd@dder a
N atmosphere for 24 h and quenched to room temperatuiadicates
trigonal Bilz (PDF No. 48-1795)# indicates cubic Cul (PDF No. 06-0246),

and? indicates an unknown phase.

Cul, as is clearly shown in Figure 9. Althoudh-3 contain
the same [CiBi2l1g)> building units, the markedly low
decomposition temperature & must be caused by the
instability of Cu(CHCN)," through solvent loss, with the
resultant “CyBi.l1g” composition being unstable with respect
to the simple binary iodides. However, the release o-CH
CN in 1 results in a “0-BusN)2(CwBisl1)” composition,

which is still a thermally stable phase.

Conclusion

Chai et al.

unit as 0-D tetranuclear anion clustet, (L-D linear anionic
polymers R), and 1-D ladderlike anionic chainS)( by
utilizing different cations. Their optical properties reveal a
structure-related band-gap decrease that is further supported
by the DFT calculations. The essential evolvements of the
optical absorption spectra between corresponding M/Bi/l (M
= Bi, Cu, or Ag) compounds are compared. Interestingly,
compoundsl—3 show very different thermal stabilities2

is the most stablet undergoes a solvent release at°85to

form al-A phase that melts congruently at 145and finally
decomposes at 23tC; 3 releases CECN at 80°C and
decomposes primarily into Biland Cul. In M/Bi/l systems

(M = Cu or Ag), we have so far found variations in both
the structures and the properties and have uncovered some
essential differences in their electronic structures. More
explorations are ongoing on other heterometallic M/Bi/l
systems aimed at the possible formation of novel structures
and a deeper understanding of their structypeperty
relationships.
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