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Three new hybrid inorganic—organic salts containing novel mixed haloanions of bismuth were synthesized by the
solvothermal reaction of bismuth iodide with a haloacid, HX (X = ClI or Br), and the alkylamine 4,4'-
trimethylenedipiperidine (TMDP). All three compounds were structurally characterized by single-crystal X-ray diffraction.
Reaction of TMDP and Bil; with HCI yielded two crystalline products: [H,TMDP],[(Bi2lg)(BiClol)] (1, major yield)
and [H,TMDP],[Bi,Clig—y] (2, X = 3.83, minor yield). Compound 1 crystallizes in the monoclinic space group Cc
(a=22.8586(11) A, b = 15.5878(7) A, c = 17.6793(9) A, 5 = 118.7010(10)°, Z = 4) and contains the mononuclear
mixed-halide anion BiCl,l,~ in addition to a face-sharing bioctahedral Bi,lg*~ anion and two independent H,TMDP?*
cations. The BiClyl,~ anion has a sawhorse geometry (equatorially vacant trigonal bipyramidal geometry) that is
not commonly observed in bismuth chemistry. Compound 2 crystallizes in the monoclinic space group P2:/c (a =
14.9471(7) A, b = 12.7622(6) A, ¢ = 13.3381(7) A, p = 116.1030(10)°, Z = 2) and contains an edge-sharing
bioctahedral mixed-halide anion in which iodide occupies one and chloride occupies two of the five crystallographically
independent halide sites. The remaining two sites have mixed-chloride and -iodide occupancy. Reaction of TMDP
and Bil; with HBr yielded the crystalline product [H,TMDP][BiBrs—l,] (3, x = 0.99), which contains, in addition to
the organic cation, a polymeric, mixed-haloanion of bismuth(1ll). Compound 3 crystallizes in the chiral, orthorhombic
space group P2:2:2; (a = 8.5189(5) A, b = 14.8988(9) A, ¢ = 17.9984(11) A, Z = 4) and consists of an H,-
TMDP?* cation in addition to the anion, which is built up of corner-sharing BiXs octahedra. Of the five
crystallographically independent halide sites in this anion, two are occupied solely by Br and the remaining three
have mixed-bromide and -iodide occupancy. Other anion stoichiometries have been observed crystallographically
for 3, as the specific stoichiometry is dependent on the relative concentration of the haloacid starting material
used.

1. Introduction Halobismuthate materials containing an organic counter-
cation display extensive structural diversity, as the anion may

The chemistry of the bismuth(lll) halides has been oy =
be polymeric, discrete polynuclear, or mononuclear depend-

explored for several decades owing to the strong tendency
of bismuth to act as a halide ion acceptéiConsequently,

numerous complex haloanions of bismuth have been formed ) g:éfegl%égngeia?wa”g' H. H.; Williams, J. Kcta Crystallogr.,
with a variety of cations, and these compounds have been (4) Lazarini, F.Acta Crystallogr., Sect. @987, 43, 875.

found to exhibit a great deal of diversity in their structural (5 Papavassiliou, G. C.; Koutselas, I. B.; Terzis, A.; Raptopoulou, C. P.
. ids 20 Z. Naturforsch., B: Chem. Scl1995 50, 1566.

and physical propertie's: (6) Robertson, B. K.; McPherson, W. G.; Meyers, E.JAPhys. Chem.

1967, 71, 3531.
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Inorganic—Organic Salts of Bismuth Mixed Haloanions

ent upon the synthetic conditions employed. Conditions 2. Experimental Section
influencing the anion structure include the cation size and 2.1, Materials and Methods. Bil; (Alfa Aesar, 95%), 44

geometry, reaction temperature, reactant concentrations, an%imethylenedipiperidine hydrate (TMDR,O, Lancaster, 98%),
crystallization condition$?911420The crystal packing in  concentrated HCI (Fisher, ACS grade), and HBr (Acros, 33 wt %
these materials is also quite varied and is directed by thein glacial acetic acid) were purchased and used without further
interactions present between the components constituting thepurification. Ethanol (AAPER, 100%) was used as received as the
solid. Such interactions include van der Waals interactions, solvent for all syntheses. Powder X-ray diffraction experiments were
electrostatic interactions, hydrogen bonding, and anion Performed on a Rigaku D/max 2200 diffractometer (Ca K
anion interactions provided by halidalide contacti#57810.18 radiation,A = 1.5418 A). Diffuse reflegtance UWvisible spec-
Many known halobismuthate compounds consist of one- troscopy (256-800 nm) was performed in absorbance mode on an

dimensional lvmeric inoraani moonent rated fr mOcean Optics USB-2000 fiber optic spectrometer equipped with a
ensional, polymeric Inorganic Components Separated IroM gy, , a1 reflection probe (2Q0n read fiber). A poly(tetrafluoro-

one another by organic species, and as a group, thespyjene) diffuse reflectance standard (Ocean Optics WS-1) was
materials are of interest as potential dimensionally restricted ysed as the reference material.

semiconductor materiald!3160thers have layered inorganic 2.1.1. Preparation of [H,TMDP],[(Bi»l¢)(BiCl,l5)] (1) and
component&®2land may provide efficient routes to bismuth  [H,TMDP] 5[Bi-Clio-xl,] (x = 3.83) (2).Bil3 (100.1 mg, 0.17
nanostructures, such as nanotubes and nanotWiFésally, mmol) and TMDPH,0 (27.3 mg, 0.12 mmol) were placed in a 23
some compounds in this family are fully three-dimensional mL Teflon-lined autoclave and covered with 6 mL of ethanol.

when weak interactions between components are consid-Concentrated HCI (0.5 mL) was added dropwise to this mixture,
ered®1® Not surprisingly, the wide range of structural and the autoclave was subsequently sealed. The autoclave was then

properties observed in these halobismuthate Containingheated at PC/min to 140°C and held at that temperature for 48

ials h . d di f thei ical and el h. At the end of this period, the autoclave was cooled t6QG@t
materials have motivated studies of their optical and elec- 1 oc/min and held at this temperaturer f6 h before cooling to

tronic properties, including nonlinear optical activity, lumi-  y5om temperature at the same cooling rate. Red single crystals of
nescence, and semiconductivity:16 1 (major yield) and yellow single crystals @f(minor yield) were
Interestingly, bismuth halides have been used in the isolated directly from the reaction. A suitable single crystal of each
transhalogenation of alkyl halidé,where the bismuth — Wwas selected for X-ray crystallographic analysis. Crygtals of the
containing product in such reactions is postulated to be aMaor phasel) were separated from crystals of the minor phase
mixed-halide species. Despite the number and diversity of (2) by hand-picking. Larger quantities @fmay be obtained by

. . . . . increasing the relative concentration of HCl in the reaction (vide
known halobismuthate materials, mixed halides of bismuth infra). Anal. Calcd forl: C, 12.40; H, 2.24; N, 2.22. Found: C,

are comparatively rare. While mixed-halide Sp_ec'es (_)f 12.82; H, 2.52; N, 2.00. Microanalytical data for the minor phase
phosphorus are numerous, the tendency to form mixed-halideyas not obtained, and the composition of the phase was determined
species apparently decreases upon descending the group. Téblely from single-crystal X-ray diffraction measurement.

date, only a handful of mixed bismuth halides have been 2.1.2. Preparation of [H,TMDP][BIBr 5_I,] (x = 0.99) (3).
isolated and characterized, the majority of which have been The preparation is the same as that used to prepared 2, only
mixed subhalides or aryl-mixed halid&24 Other known 1 mL of HBr (33% in glacial acetic acid) was substituted for 0.5
mixed halides of bismuth include [NEBi(S:CNE)IBr], 2 mL 0f_HC|. Yell(?W single crystals o8 _(57% yiel_d baset_:l on Bj)
[EtMe,PhNL[Bi -Brs 7dod,2* and [GHeN4SK[BICls 670592 were isolated directly from the reaction. A suitable single crystal

Herein. we wish to report the svntheses and sinale-c StalWas selected for X-ray crystallographic analysis. The remainder of
' P y 9 ry the sample was shown to be phase pure by powder X-ray diffraction.

X-ray structures of three new inorgariorganic salts which A -/ caicd for3 (x=0.99): C, 18.00; H, 3.25: N, 3.23. Found:
contain mixed-halide anions of bismuth(lll). C. 17.72: H, 3.03: N, 3.00. ' '

Whereasl forms regardless of the amount of HCI added, the
(11) Eickmeier, H.; Jaschinski, B.; Hepp, A.; Nub, J.; Reuter, H.; Blachnik, value ofx in 3 is dependent on the amount of HBr added. For

12) Eélzdn’:‘a?};‘”g"s]g?” %hgruezrgblsiggglgﬂn 305. example, addition of 0.5 mL instead of 1 mL of HBr produc®d
(13) Geiser, U.‘;Wang?'H' H.; Budz, S. M. Lowry, M. J.; Wiliams, J. M.;  With x = 1.70 but otherwise having the identical structure and

Ren, J.; Whangbo, M.-Hnorg. Chem.199Q 29, 1611. similar unit cell parameters. For boghwith x = 0.99 and3 with
(14) Krautscheid, V. HZ. Anorg. Allg. Chem1994 620, 1559. x = 1.70, the value of is determined solely from the single-crystal
(15) Mitzi, D. B. Inorg. Chem.200Q 39, 6107. diffraction experiment
(16) Mousdis, G. A.; Papavassiliou, G. C.; Terzis, A.; Raptopoulou, C. P. ) p : o ) .

Z. Naturforsch., B: Chem. Scl998 53, 927. 2.1.3. Single-Crystal Structure DeterminationsSuitable single

(17) Krautscheid, V. HZ. Anorg. Allg. Chem1999 625 192. crystals of1, 2, and3 were selected and mounted on the end of
(18) Kubiak, R.; Ejsmont, KJ. Mol. Struct.1999 474, 275.

; ) : ' . thin glass fibers using epoxy or an inert oil. X-ray intensity data
(19) ('\;Aﬁen,l]rr‘f;% Téyjz"g%alkm' A Landers, A; Rheingold, A. Inorg. were measured at 150.0(2))(or 293(2) K @, 3) on a Bruker
(20) Feldmann, CJ. Solid State Chen2003 172, 53. SMART APEX CCD-based diffractometer (ModKradiation,A =
gg \é‘garg’ JB-?_ L}éve:(mﬁgﬁ’é MEateer-?g?ain15vS44’a-omem L Roaue. J.p. 0-71073 A Raw data frame integration and Lorentz-polarization
Tet)r/ah'edfbn199a 55, 1971, pin. - P s ROQUE SR orrections were performed with SAINT?6 Final unit cell
(23) Sharma, P.; Cabrera, A.; Rosas, N.; Arias, J. L.; Lemus, A.; Sharma, parameters were determined by least-squares refinement of 8279,
342-:1 Hernandez, S.; Garcia, J. £. Anorg. Allg. Chem200Q 626, 4937, and 5542 reflections from the data sets of compongs
(24) Dikérev, E. V.; Popovkin, B. A.; Shevelkov, A. YRuss. Chem. Bull. ands respectively withl > 5(o)l. Analysis of the data sets showed

2001, 50, 2304.
(25) Raston, C. L.; Rowbottom, G. L.; White, A. B.. Chem. Soc., Dalton (26) SMART Version 5.625;SAINT+, Version 6.02a;SADABS Bruker
Trans.1981 1369. Analytical X-ray Systems, Inc.: Madison, WI, 1998.
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Table 1. Crystallographic Data fot, 2, and3

Goforth et al.

compound 1 2 3(x=0.99)

formula GeHseBisClal11Na Ca26Hs6Bi2Cls.173.8N4 CiaH28BiBra.o1l0.odN2

formula weight 2518.49 1547.46 867.42

crystal system monoclinic monoclinic orthorhombic

space group Cc P2:/c P21212;

a(A) 22.8586(11) 14.9471(7) 8.5189(5)

b (A) 15.5878(7) 12.7622(6) 14.8988(9)

c(A) 17.6793(9) 13.3381(7) 17.9984(11)

o (deg) 90 90 90

p (deg) 118.7010(10) 116.1030(10) 90

y (deg) 90 90 90

volume () 5524.4(5) 2284.83(19) 2284.4(2)

z 4 2 4

pealc (Mg m=3) 3.027 2.249 2.522

w (mm) 15.796 10.662 16.067

temperature (K) 150.0(2) 293(2) 293(2)

reflections collected 21304 15775 19119

independent reflections 9659 3632 4055

goodness of fit 0.989 1.023 1.023

final Rindices, [ > 20(1)] R1=0.0328 R1=0.0421 R1=0.0248
wR2=0.0687 wR2=0.1008 WR2=0.0577

Rindices, all data R¥ 0.0367 R1=0.0621 R1=0.0270
wR2 = 0.0696 wR2= 0.1094 wR2= 0.0587

negligible crystal decay during collection. An empirical absorption

was applied for eactf.

For compound3, systematic absences in the intensity data
correction based on multiple measurements of equivalent reflectionsuniquely determined the space grougP2s2,2;. The structure was
solved by a combination of direct methods and difference Fourier

For compound., systematic absences in the intensity data were syntheses and refined by full matrix least-squares agdst
consistent with the space grou&/c and Cc; intensity statistics (SHELXTL).?” The asymmetric unit contains the j§l,gN2]>"
followed an acentric distribution. The structure was solve€m cation and the “BiB4” inorganic chain repeat unit. All hydrogen
by a combination of direct methods and difference Fourier synthesesatoms of the cation could be located in the difference map. For the
and refined by full matrix least-squares agaiR3tusing SHELX- final refinement, hydrogens were placed in geometrically idealized
TL.27 Upon successful solution and refinementdn, a check for positions and included as riding atoms. Preliminary refinement of
missed symmetry was performed with ADDSYM/PLATGH, three of the five independent halides of the inorganic chain as fully
which verified the space group choice. At convergence, the absoluteoccupied resulted in unreasonably large or small displacement
structure (Flack) parameter wa®.009(4), confirming the correct  ellipsoids when refined as either Br or | due to statistical Br/I
absolute structure and the absence of inversion twinning. All non- disorder on these sites. The affected atoms are Br3, 11, and 12 (final
hydrogen atoms were refined with anisotropic displacement pa- labeling scheme). Site occupation factors for these mixed Br/l
rameters; hydrogen atoms were placed in geometrically idealized positions were refined subject to summing to unity. Positional and
positions and included as riding atoms. displacement parameters were held equal due to the fact that the

For compound2, systematic absences in the intensity data atoms are too close in space to refine independently. The final
confirmed the space grolg2;/c. Direct methods structure solution,  refined occupancy ratios are Br3/133 0.912(5)/0.088(5), 11/Br1l
difference Fourier syntheses, and full matrix least-squares refine- 0.425(6)/0.575(6), and 12/Br22 0.477(7)/0.523(7). A fractional
ment againsk? were performed with SHELXTE? The asymmetric occupancy/vacancy model was not considered as this would violate
unit consists of half of a [BClio-xl 4~ anion located on a charge neutrality. No unusual problems were observed for Brl and
crystallographic inversion center and one completgHigaN,]%" Br2. The final refined composition is then “BiB#ilogs. At
cation. After location of reasonable positions for all halide atoms convergence, the Flack parameter w&s048(7). All non-hydrogen
of the anion, refinement of the unique two apical sites as single atoms were refined anisotropically; hydrogens were calculated and
sites fully occupied by either Cl or | resulted in unreasonably large included as riding atoms.
or small, and also significantly elongated, displacement parameters. A second crystalline compound, prepared in the same manner
These two sites were successfully modeled as split, mixed Cl/l as3 only using a smaller amount of HBr, was also examined by
positions. The affected halide sites are CI3/I3 and 14/Cl4. For both X-ray crystallography. Atomic coordinates from the previous crystal
split sites, the position further from Bi was assigned as iodine and were used as an initial model for refinement, and the quick
the position closer to Bi as chlorine. Initially, occupancies for both convergence confirmed the isostructurality of the two. In the second
were allowed to refine freely. The resulting occupancy sums were crystalline compound, the same three anion sites were found to be
close to unity, thereby supporting the assignment as a mixed Cl/l affected by Br/I mixing. Analogous refinement of these three
position. For the final cycles, the occupancies were constrained to positions resulted in occupancy ratios of Br3/133 0.727(7)/0.273(7),
sum to unity. The final refined occupancies are CI3/I3 0.792(4)/ 11/Br11 0.715(8)/0.285(8), and 12/Br22 0.708(8)/0.292(8). The final
0.208(4) and 14/Cl4 0.707(4)/0.293(4). No unusual problems were refined composition is then “BiBgd1 7¢’, and the absolute structure
encountered for ClI1, 11, or CI2, and the final refined composition (Flack) parameter was0.03(1). Non-hydrogen atoms were refined
of the anion is then “BiCls 14383". All non-hydrogen atoms were  anisotropically, and hydrogen atoms were placed in idealized
refined with anisotropic displacement parameters; hydrogen atomspositions and included as riding atoms.
were placed in idealized positions and included as riding atoms.  petails of the crystallography experiments for2, and3 (x =

(27) Shelarick, G. MSHELXTL Version 5.1, Braker Analytical X 0.99) are given in Table 1. Table 2 lists important interatomic
elarick, . . ersion o.1; bruker naytlca -ray H 3 H
Systems, Inc.:. Madison, Wi, 1997. distances and angles for compourid®, and3. Fractional atomic

(28) Spek, A. L.PLATON, A Multipurpose Crystallographic Todni- coordinates forl,_ 2, and3 with x= 0.99 as well as foB with x =
versity of Utrecht: Utrecht, The Netherlands, 1998. 1.70 are found in the Supporting Information.
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Table 2. Interatomic Distances (A) and Bond Angles (deg) for the Aniong,df, and3

Compoundl
[BiClalg]~
CI(1)—Bi(1)—Cl(2) 170.51(10) 1(1)Bi(1)—1(2) 95.61(4) Bi(1)-CI(1) 2.667(3) Bi(1)-1(1) 2.8165(11)
CI(1)—Bi(1)—I(1) 87.09(8) CI(2)-Bi(1)—1(1) 85.53(7) Bi(1)-CI(2) 2.815(3) Bi(1)-1(2) 2.8587(11)
CI(1)—-Bi(1)—1(2) 87.71(8) CI(2)-Bi(1)—1(2) 87.09(7)
[Bi 2|g]3_

1(3)—Bi(2)—1(4) 95.55(3) 1(6}-Bi(2)—I(7) 86.10(3) 1(8)-Bi(3)—1(9) 167.11(3) 1(93-Bi(3)—1(10) 96.14(4)
1(3)—Bi(2)—I(5) 95.36(3) 1(6}-Bi(2)—1(8) 82.18(3) 1(8)-Bi(3)—1(10) 93.25(3) 1(9¥-Bi(3)—1(11) 96.57(3)
1(3)—Bi(2)—1(6) 85.30(3) 1(6)-Bi(3)—I1(7) 86.71(3) 1(8)y-Bi(3)—1(11) 91.97(3) 1(10y-Bi(3)—1(11) 91.54(3)
1(3)—Bi(2)—I1(7) 89.57(3) 1(6)-Bi(3)—1(8) 81.81(3)
1(3)—Bi(2)—1(8) 164.50(3) 1(6¥-Bi(3)—1(9) 88.82(3) Bi(2)-1(3) 3.0082(10) Bi(3)-1(9) 2.9688(11)
1(4)—Bi(2)—I(5) 91.81(3) 1(6}-Bi(3)—1(10) 175.04(3) Bi(2)-1(4) 2.9264(11) Bi(3)-1(10) 2.9452(11)
1(4)—Bi(2)—1(6) 175.20(3) 1(6¥-Bi(3)—I1(11) 88.13(3) Bi(2)-1(5) 2.8948(11) Bi(3)-1(11) 2.9296(11)
1(4)—Bi(2)—1(7) 89.18(3) 1(7)-Bi(2)—1(8) 80.51(3) Bi(2)-1(6) 3.2314(11) Bi(3)-1(6) 3.2274(10)
1(4)—Bi(2)—1(8) 96.19(3) I(7¥-Bi(3)—1(8) 80.59(3) Bi(2)-1(7) 3.2885(10) Bi(3)-1(7) 3.2562(10)
1(5)—Bi(2)—1(6) 92.81(3) I(7¥Bi(3)—1(9) 90.10(3) Bi(2)-1(8) 3.2219(10) Bi(3)-1(8) 3.2497(10)
1(5)—Bi(2)—I(7) 174.85(3) 1(7¥-Bi(3)—1(10) 93.02(3) Bi(2)--Bi(3) 4.1768(7)
1(5)—Bi(2)—1(8) 94.35(3) 1(7)y-Bi(3)—1(11) 171.48(3)

Compound?

[BioCls1738q*

CI(1)—Bi(1)—CI(2) 89.50(7) Cl(2y-Bi(1)—I(1) 174.88(5) CI(3yBi(1)—1(1) 88.0(3) 1(1)-Bi(1)—1(3) 91.7(3)
CI(1)—-Bi(1)—Cl(2)2 168.95(8) CI(2y-Bi(1)—1(3) 87.0(3) CI(3}-Bi(1)—1(4) 178.9(4) 1(1)-Bi(1)—1(4) 91.68(5)
CI(1)—Bi(1)—CI(3) 86.6(4) CI(2)-Bi(1)—1(4) 89.78(7) Cl(4)-Bi(1)—1(1) 85.0(5) 1(3-Bi(1)—1(4) 176.0(3)
CI(1)—Bi(1)—Cl(4) 94.0(7) Bi(1)-CI(2)—Bi(1)2 98.94(7) Cl(4y-Bi(1)—I1(3) 176.6(6)
CI(1)—Bi(1)—I(1) 95.34(6) Cl(23—Bi(1)—CI(3) 87.7(4)
CI(1)—-Bi(1)—1(3) 85.2(3) Cl(23—Bi(1)—Cl(4) 92.7(7) Bi(1)-1(1) 2.9741(9) Bi(1)-ClI(1) 2.630(2)
CI(1)—Bi(1)—1(4) 92.39(9) Cl(23—Bi(1)—1(1) 93.95(5) Bi(1)-1(3) 3.191(12) Bi(1)-Cl(2) 2.843(3)
Cl(2)—Bi(1)—Cl(2)2 81.06(7) CI(23-Bi(1)—1(3) 88.6(3) Bi(1)y-1(4) 2.995(3) Bi(1)-CI(3) 2.740(10)
Cl(2)—Bi(1)—CI(3) 90.6(3) CI(23—Bi(1)—1(4) 93.31(8) Bi(1)-Cl(2)2 2.911(2) Bi(1)-Cl(4) 2.87(4)
CI(2)—Bi(1)—Cl(4) 96.4(5) CI(3y-Bi(1)—Cli(4) 173.0(6) Bi(1)A-CI(2) 2.911(2) Bi(1y--Bi(1)? 4.374(7)

Compound3

) ) [BiBraodood® )

1(1)—Bi—I(2) 92.86(2) 1(2y-Bi—Br(1) 172.07(2) Br(1)y-Bi—Br(1)° 87.297(7) Br(2)-Bi—Br(1)° 85.64(2)
1(1)—Bi—I1(33) 92.84(2) 1(2)-Bi—Br(1)° 84.92(2) Br(1)-Bi—Br(2) 85.48(2) Bi-Br(1)>—Bi° 178.98(3)
1(1)—Bi—Br(1) 94.90(3) 1(2-Bi—Br(2) 92.41(2)
1(1)—Bi—Br(1)A 177.61(2) 1(33)-Bi—Br(1) 86.94(2) Bi-I(1) 2.7740(7) BBr(1) 3.0448(8)
1(1)—Bi—Br(2) 93.60(2) 1(33)-Bi—Br(2) 170.45(2) Bi-1(2) 2.8361(7) BBr(2) 2.8595(7)
1(2)—Bi—1(33) 94.32(3) I(33)-Bi—Br(1)° 88.20(2) Bi-1(33) 2.8847(7) Bi-Br(1)° 3.1258(8)

a—¢c Symmetry transformations used to generate equivalent atdémsx, —y + 1, =z 2 x — Y, —y + 3, —z+ 1.¢ X+ Y, =y + 3, —z+ 1.

3. Results and Discussion materials. When HCl is used as the haloacid starting material,

3.1. SynthesesThe bismuth(lll) trihalides have remark- red §ingle crystals of and y_ellow single crystals (ﬁ are
able halide ion acceptor properties as evidenced by theOPtained. The former contains a mononuclear, mixed halo-
numerous, complex haloanions of bismuth(11l) that have been @nion of bismuth, namely, the Bili~ anion. The anionic
reported in the literature. Frequently, additional halide ions COmponent in the latter is a dinuclear mixed haloanion of
are supplied to BiX by alkylammonium or arylammonium  bismuth with the empirical formula [BCle.143.59*", where
halide salt$:25911and these additional halide ligands are deviations from whole number stoichiometries are caused
thought to terminate BiX —Bi linkages in the extended array by statistical mixing of Cl and I on some of the independent
of solid BiXs, thereby affecting a reduction in dimensional- halide sites (see structure determination). While compound
ity.2° Additionally, the organic cation of the halide salt is 1is always observed under these reaction conditions, larger
typically incorporated into the product to provide charge quantities of compoun@ can be obtained by using greater
balance for the bismuth haloanion formed by uptake of X  relative quantities of the HCI starting material. By contrast,

An alternate synthetic route to halobismuthate materials when HBr is used as the haloacid starting material, the
involves the reaction of BiXwith an alkylamine, which can  anionic component is always a polymeric mixed haloanion
be protonated under the reaction conditions to serve as theof bismuth(lll) with the general formula BiBr,ly, wherex
charge balancing cation, and a haloacid (HX), which serves s dependent upon the relative amount of HBr employed in

both as a source of Xto terminate Bi-X—Bi bridges and  the synthesis. As expected, use of greater relative quantities
as a proton donor. We have determined that the latter routegs 4By results in the anion having a higher Br content than
can provide an effective synthetic pathway to mixed halo- \hen smaller amounts are employed.

anions of bismuth when the bismuth trihalide and the

: . : . The reaction of By and TMDP with HF was also
haloacid starting materials do not contain the same halogen. it ted und theti diti imilar to th
Using this route and employing Bjltrimethylenedipip- atempted under synihetic conditions simiar to those em-

eridine (TMDP), and HX (X= ClI, Br) as starting materials, ployed to obtain compounds 2, and3. However, no mixed

we succeeded in the synthesis of three new halobismuthatd UCride/iodide compound of bismuth was observed. This
observation is consistent with the preference of bismuth(lll),

(29) Tulsky, E. G.; Long, J. RChem. Mater2001, 13, 1149. which is generally regarded as a soft a&ithr softer ligands.

Inorganic Chemistry, Vol. 43, No. 22, 2004 7045



Goforth et al.

Figure 1. Ellipsoid plots of the components of JMDP][(Bi2lo)-
(BiClal)] (1). Displacement ellipsoids are drawn at the 50% probability
level. The two independent FIMDP]?* cations (top and middle), the
Bi2lg®~ anion (bottom left), and the Bigb~ anion (bottom right) are shown.

3.2. Structural Discussion. 3.2.1. Compound 1The
compound [HTMDP],[(Bi.lg)(BiClal2)] (1) is composed of
two crystallographically independent, protonated TMDP
cations and two different haloanions of bismuth(I11)lgi~
and BiCbl, . The Bkilg®™ anion, which is constituted of two
face-sharing BH octahedra, is commonly observed in (b)
bls_mqth iodide chemistry. Bond dlstanpes gnd angles for this Figure 2. (a) (001) view of the crystal packing in [FIMDPL{(Bile)-
anionic component of compouridare given in Table 2 and  (gicl,l,)] (1). Bi polyhedra are shown in blue; C, yellow; N, pale blue; I,

are similar to those determined for other compounds contain-purple; Cl, green. (b) (001) view of highlighting the halide-halide
ing the Bilg®~ anionl47? interactions. Ck-Cl interactions are parallel to 001; cations are omitted
) . L for clarity.
On the other hand, the Big}~ anionic component has,

to the best of our knowledge, never been reported in the _ _ . _ o
literature. Figure 1 shows the ORTEP diagram of the Bic| ~ vacant trigonal bipyramidal shape. This suggestion is sup-
anion, where it is readily apparent that the coordination POrted by the observation that the less sterically demanding
geometry about bismuth(lll) is distorted trigonal bipyramidal chloride ligands are both found in the axial positions
with a vacant equatorial ligand site. While an octahedral (C(1)—Bi(1)—I(1) = 87.09(8); CI(1)-Bi(1)—I(2) = 87.71-
arrangement of halide ligands about bismuth(lll) is by far (8)°) while the bulkier iodide ligands are both located in the
the most frequently occurring geometry in bismuth halide €quatorial positions (I(1)Bi(1)—I(2) = 95.61(4)). Bond

chemistry, examples of square pyramidal (e.g., {BEBilg] Qistances and angles for the BilGI anion are also found
(Bzl = —CH,—CeH):"7 (BusN)[Ph;Bi,ClsBrz] and (BuN),- N Table 2. o o
[PhuBi.Bral,];2% and (BuN).[Bi,PhBre]3%) and equatorially The crystal packing i along the crystallographic-axis

vacant trigonal bipyramidal bismuth(lIl) halide compounds is shown in Figure 2a. Sever_al hydrogen bond_ing interactions
(e.g., (NE§)[BiPhal,]))® have been reported previously. In b_etween the protonated cations and both anions are respon-
the case of the BiGl,~ anion reported here, it is probable sible for the observed arrangeme_nt o_f the compor_lents. Itis
that the unusual coordination geometry results from the Worth noting that the LTMDP cation is conformationally
localization of the 6&lone pair (E) electron density. Thus, flexible owing to the trimethylene spacer between the

an AX,E coordination environment results in the equatorially PiPeridyl rings, and it is this flexibility that allows for the
multiple hydrogen bonding interactions in the solid. The

(30) Clegg, W.: Erington, R. J.: Fisher, G. A.: Flynn, R. J.: Norman, N. details qf the 'hydrogen bonding interactions presettane
C.J. Chem. Soc., Dalton Tran$993 638. summarized in Table 3.
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Table 3. Hydrogen Bond Distances (A) and Angles (deg) for

D—H--A d(D—H) d(H---A) d(D---A)  O(DHA)
N(1)—H(1C)-+I(3) 0.92 3.04 3.893(18)  155.0
N(1)—H(1D)-+-CI(2) 0.92 2.61 3.230(14)  125.6
N(1)-H(1D)--CI(1)2  0.92 2.66 3.426(16)  140.8
N(2)—H(2C)--+1(9)° 0.92 2.85 3.715(12) 156.6
N(2)—H(2D)-+-Cl(2)° 0.92 2.55 3.291(11) 137.6
N(2)—H(2D)-+-CI(1)¢ 0.92 2.58 3.285(12)  133.9
N(3)—H(3A)-+-1(11)¢ 0.92 3.10 3.801(13)  134.8
N(3)—H(3A)-+1(6)d 0.92 3.22 3.874(13) 1295
N(3)—H(3B)--I(7)® 0.92 3.02 3.770(12) 139.9
N(3)—H(3B)-+I(4)® 0.92 3.17 3.829(13) 130.3
N(4)—H(4C)---1(10) 0.92 2.93 3.800(15)  157.3
N(4)—H(4D)-+-CI(2) 0.92 2.31 3.199(13)  162.3

a-9 Symmetry transformations used to generate equivalent atbmys:
=y, z=Y P xy+1l,z°x —y+1lz—1Y ¢ x—1Yy—12,7 ¢x
Yoy =y = Uy z+ Y T, —y = 1,2+ Yy 9 X+ Yoy — Uy z+ 1.

As a result of the hydrogen bonding interactions, the two
anionic components are brought into close contact and,

consequently, several-l interactions can be identified for
1 (Figure 2b). These-i-l interactions fall in the range
3.6969(16) to 3.9553(16) A and are slightly shorter than
twice the iodine van der Waals radius (1.98%ABy way
of comparison, long bonds in polyiodides fall into the range
of 3.1-3.5 A32n addition to the i interactions, a weak
Cl---Cl interaction (3.495 A) can be identified between the
chloride ligands of adjacent Bigh~ anions (Cl van der
Waals radius is 1.75 A} The three 1| interactions connect
the two anionic components dfinto one-dimensional chains
running along the [010] crystallographic direction, while the
lone CF--Cl interaction connects the anionic chains into
sheets in theyz plane. Details of these halidéalide
interactions are given in the Supporting Information.
3.2.2. Compound 2.The compound [HTMDP],[Bi,-
Cls17389 (2) is composed of protonated TMDP cations and
a dinuclear, mixed haloanion of bismuth(lll). The anionic
component, (BiCls14389* (Figure 3), is built up of two
edge-sharing BiXoctahedral units resulting in a centrosym-
metric BiX1¢*~ fragment. Although the BK,¢*~ fragment
has been previously reported in the literattif& 6 [Ho-
TMDP],[BiCls 143839 is apparently the first compound
containing a mixed-halide BX15*~ anion. In the centrosym-
metric, dinuclear anion &, two of the five crystallographi-

cally independent halide sites are affected by halide mixing.

Figure 3. Ellipsoid plots of the components of fAIMDP]3[Bi 2Cl1o-xIx]

(2, x = 3.83) showing the atom labeling scheme. Displacement ellipsoids
are drawn at the 30% probability level. The JHFMDP]?" cation (top) and

the [BizClio-xl]*~ anion (bottom) are shown.

Table 4. Hydrogen Bond Distances (A) and Angles (deg) 2or

D—H---A d(D—H) d(H--A) d(D::-A)  O(DHA)
N(1)—H(1C)---1(4)° 0.90 2.79 3.621(11) 154.6
N(L)—H(1C)--Cl(4)° 0.90 2.81 3.65(4) 155.7
N(1)—H(1D)---CI(3)¢ 0.90 2.60 3.348(19) 141.3
N(1)—H(1D)---I(3)° 0.90 2.79 3.45(2) 131.6
N(1)—H(1D)---I(1)° 0.90 3.19 3.818(9) 129.0
N(2)—H(2C)+1(3)2 0.90 2.82 3.51(2) 134.4
N(2)—H(2C)--1(4)d 0.90 3.22 3.711(13) 116.7
N(2)—H(2D)---CI(3)® 0.90 2.64 3.50(2) 161.1
N(2)—H(2D)--+1(3)° 0.90 2.76 3.58(2) 151.5

a—¢ Symmetry transformations used to generate equivalent afoms;
“y+1,-z2° —x+1,y—Y—z+¥ ¢ —x+1,-y+1,-z+1
d —x,y—1Y —z—Y, e x, —y+%4¥2,z— 1,

hydrogen bonding interactions are summarized in Table 4.
However, no halide halide interactions were observed for
the compound. A view of the crystal packing2ris shown

These sites (CI3/13 and Cl4/14) and those related to them by in Figure 4, where it can be seen that the discretX Bt
inversion symmetry (designated “A”) are apical ligand sites fragments line up along the (001) unit cell direction.

in relation to the BiCll, basal plane. Within the basal plane,

3.2.3. Compound 3 X = 0.99).[H, TMDP][BiBrs_.l,] (3,

two chloride ligands bridge the bismuth centers, and eachx = 0.99) crystallizes in the acentric space grdefa2:2;
bismuth center has both a terminal iodide and a terminal and is composed of protonated TMDP cations and polymeric

chloride ligand. Bond distances and angles for the- Bi
Cls.17383" anion are gathered in Table 2.
As in 1, several catiorranion hydrogen bonding inter-

(BiBr4o1o99?” anions (Figure 5). The polymeric anion
consists of cis corner-sharing BjXistorted octahedral units
resulting in the formation of zigzag anionic chains that run

actions serve to direct the crystal packing; the details of thesealong the crystallographic (100) direction. The BiXzigzag

(31) Bondi, A.J. Phys. Chem1964 68, 441.

(32) Shriver, D. F.; Atkins, P. Winorganic Chemistry 3rd ed.; W.H.
Freeman and Company: New York, 1999.

(33) Chaabouni, S.; Kamoun, S.; JaudJ.JChem. Crystallogrl998 28,
209.

(34) Charmant, J. P. H.; Norman, N. C.; StarbuckAdta Crystallogr.,
Sect. E2002 58, m144.

(35) Benetollo, F.; Bombieri, G.; Del Pra, A.; Alonzo, G.; Bertazzi, N.
Inorg. Chim. Acta2001, 319, 49.

(36) Bowmaker, G. A.; Junk, P. C.; Lee, A. M.; Skelton, B. Aust. J.
Chem.1998 51, 293.

chain motif has been observed in several other halobismuth-
ate material3%3” although this is the first report of such a
compound containing a polymeric, mixed haloanion. Of the
five crystallographically independent halide sites in the anion,
three are affected by halide mixing. These halide sites (11/
Brll, 12/Br22, and I13/Br33) are arranged facially and are
located on the outside of the zigzag bends of the chains.

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

Inorganic Chemistry, Vol. 43, No. 22, 2004 7047



Goforth et al.

(&

Figure 4. (010) view of the crystal packing in [TIMDP],[Bi»Clio-xl\] (2, X = 3.83). Bi polyhedra are shown in blue; Cl, green spheres; |, purple; N, light
blue; C, gold. H atoms are not shown.

Table 5. Hydrogen Bond Distances (A) and Angles (deg) %or

D—H--A d(D—H) d(H--A) d(D---A) [O(DHA)
N(1)—H(1D)--*1(33)? 0.90 2.74 3.516(7) 144.5
N(1)—H(1D)--Br(1)2  0.90 2.92 3.499(6) 123.4
N(1)—H(1C)--Br(2)° 0.90 2.68 3.445(7) 143.7
N(2)—H(2C)--Br(2)° 0.90 2.68 3.425(6) 140.7
N(2)—H(2C)+-Br(1)" 0.90 2.88 3.497(6) 126.9
N(2)—H(2D)-++1(33)¢ 0.90 2.64 3.417(6) 1453

a-d Symmetry transformations used to generate equivalent at8ms:
=Yg =y + 3y —z+1 O X+ Yy —y+3p —z+1 ¢ —x+ 1Yy —y+
Lz+Y 9 =xy— Yy =2+ 3.

compound withx = 1.70 was also characterized by single-
crystal X-ray diffraction (see Supporting Information) where

it was determined that the same three sites were affected by
halide mixing. Bond distances and angles for the anionic
component of3 (x = 0.99) are given in Table 2.

The crystal packing ir8 is shown in Figure 6 where it
can be seen that the inorganic chains are separated by rows
of organic cations. As id and2, a network of catiorranion
hydrogen bonding interactions is responsible for the arrange-
ment of components in the solid; however, no short hatide

12/Br22 11/Br11 halide interactions were identified fd3. Details of the
hydrogen bonding interactions presen8iare listed in Table
Br3/133 5.
Figure 5. Ellipsoid plots of the cation and anion of fAMDP][BiBrs—lx] 3.3. Optical Properties. Diffuse reflectance optical ab-

(3) showing the atom labeling scheme. Displacement ellipsoids are drawn ; ;

at the 30% probability level. The JPTMDPJ?* cation (top) and the sorption specira (Figure 7) were CO".ECted on pure samples

[BiBrs_,]2- anion (bottom) are shown. of compoundsl and 3. As observed in spectra of related
compounds;’ these spectra reveal an excitonic peak followed

The remaining terminal halide site and the bridging halide by a continuum absorbance at higher energy. Eothe

site are occupied solely by bromide ligands. An isostructural excitonic band is observed at approximately 477 nm, and
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Figure 6. (010) view of the crystal packing in [FMDP][BiBrs-«l,] (3). Bi polyhedra are shown in blue; Br, yellow spheres; N, light blue; C, gold. H

atoms are not shown. Sites affected by Br/l mixing are shown in purple.

25 -
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Figure 7. Diffuse reflectance UV-visible absorption spectra for pH

TMDPL{(Bils)(BICl2l2)] (1) (blue) and [HTMDPI[BIiBrs_,] (3) (red)
taken at room temperature.

estimating that the continuum absorption begins at the dip di

following this peak, the band gap energy bis approxi-

mately 3.0 eV. A simple, two-probe-conductivity measure-

ment confirmed the poor electrical conductivity df
consistent with the large band gap. Bypthe excitonic band

Conclusions

While a number of halobismuthate materials have been
synthesized and structurally characterized, materials contain-
ing mixed haloanions of bismuth are comparatively rare.
Herein, we have described a facile solvothermal approach
for the preparation of such materials via the reaction of an
alkylamine cation source and Biin the presence of HX,
where X= CI or Br. We anticipate that this approach is
extendable to other group 15 trihalides by reaction of MX
and an alkylamine with HY, where X and Y are halogens
and X= Y. Such materials are likely to exhibit interesting
optical and electronic properties and, in addition, may be
useful for understanding certain synthetic organic transfor-
mations, such as transhalogenation reactions. Current syn-
thetic efforts are directed at the preparation of mixed-metal
halobismuthate materials, as such materials may also exhibit
interesting optical, electronic, or even magnetic properties
resulting from the synergistic interaction of different metal
centers. This effort has yielded promising preliminary results
which will be reported shortly.
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occurs at about 420 nm, and the continuum absorbance edge
corresponds to a band gap energy of approximately 3.5 eV.1C049212D
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