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The molecular and crystal structures of solvent-free potassium, rubidium, and cesium oxalates have been determined
ab initio from high-resolution synchrotron and X-ray laboratory powder patterns. In the case of potassium oxalate
K,C,04 (a = 10.91176(7) A, b = 6.11592(4) A, ¢ = 3.44003(2) A, orthorhombic, Pbam, Z = 2), the oxalate anion
is planar, whereas in cesium oxalate Cs,C,04 (a = 6.62146(5) A, b = 11.00379(9) A, ¢ = 8.61253(7) A, p =
97.1388(4)°, monoclinic, P2,/c, Z = 4) it exhibits a staggered conformation. For rubidium oxalate at room temperature,
two polymorphs exist, one (3-Rb,C,04) isotypic to potassium oxalate (a = 11.28797(7) A, b = 6.29475(4) A, ¢ =
3.62210(2) A, orthorhombic, Pbam, Z = 2) and the other (a-Rb,C,04) isotypic to cesium oxalate (a = 6.3276(1)
A, b =10.4548(2) A, c = 8.2174(2) A, B = 98.016(1)°, monoclinic, P2;/c, Z = 4). The potassium oxalate structure
can be deduced from the AIB, type, and the cesium oxalate structure from the HgeAs type, respectively. The
relation between the two types of crystal structures and the reason for the different conformations of the oxalate
anion are discussed.

Introduction well-established experimental fact is indicative of a bond

Alkali oxalates play an important role in nature and order ofl_or even less. Thus, one would expectalstaggered
chemistry. The sodium and potassium salts of oxalic acid conformation (point symmetrip,q) of the oxalate anions to

are found in many plants (clover, sorrel, salicornia, spinach, be preferred. This view is strongly supported by quantum

rhubarb, bamboo shoots, cacao, roots, and tree barks)'rnechanlcal calculatiorfs.However, experimentally the

Oxalates find some technical and medical applications suchOPPosite is found: only few exceptions from plan_arlniz;()
as stain removal in photography, metal coatings for stainlesszal\;i /been (rﬁported ds%far. Ilf chystaI s:uctureg \mﬂall ues%
steel, nickel, chromium, titanium, and their alloys, cleaning - are |sregar7§ » only Nabill,-H20 (tvI/(Etzang €o
and bleaching of natural fibers, textile dyeing, anticoagulants 137),° KHC204 (13°), " (NH4)2C204H20 (27), 7 (NHa)o-
C,04-H,0, (28°),'2 and BaGO,-0.5H,0 (30°)** remain to

in medical tests, and dental seals. Furthermore potassiunl) idered. Evidently. | h of th . h
and sodium oxalate complexes are able to pass the gastri € considered. Evil en.ty,_ In each of t ese ms;ance_s the
oxalate is involved in significant bonding interactions, i.e.,

mucous membrane, and therefore they are the main com-
ponents of kidney stones. (5) Colby College, Chemistry Department, Paul J. Schupf C tational
: : olby College, Chemistry Department, Paul J. Schupf Computationa
NeYertheleSS’ the '0_”9'Sta“d'”9 efforts aimed at under- Chemistry Lab, Waterville, USA; http://www.colby.edu/chemistry/
standing the characteristic structural features of the oxalate ~ webmo/mointro.html.

i i ; i ; il (6) Tellgren, R.; Olovsson, U. Chem. Physl971, 54, 127-134.
anion using conventional concepts of chemical bonding still (7) Pedersen B. FActa Ghem. Scand.968 22. 2053-2964.

remain without closure. In the first place, the-C bond (8) Einspahr, H.; Marsh, R. E.; Donohue,Atta Crystallogr., Sect. B:
lengths of oxalate anions (1.567(2)*Aare about 0.04 A . ﬁguft-dfc'-lsn 23 ’%‘1_9;‘—2198-\/ K Tekhelashvii N. B, Struct
too large for two sphybridized C atoms (1.515 &) This © Chgnﬂlg’gg ;{a\r’)ogé‘nrunov’ - TsKnetashvil, 71, B, Struct

(10) Robertson, J. HActa Crystallogr.1965 18, 410-417.
* Authors to whom correspondence should be addressed. E-mail: (11) Padmanabhan, V. M.; Srikantha, S.; Medhi Ali,A&ta Crystallogr.

r.dinnebier@fkf.mpg.de (R.E.D.); m.jansen@fkf.mpg.de (M.J.). Fexd9) 1965 18, 567—568.

711-689-1502. (12) Taylor, J. C.; Sabine, T. MActa Crystallogr., Sect. B: Struct. Sci.
(1) Kuppers, H.Acta Crystallogr., Sect. B: Struct. Sdi973 29, 318— 1972 28, 3340-3351.

327. (13) Pedersen, B. FActa Crystallogr., Sect. B: Struct. S&i972 28, 746—

(2) Bastiansen, O.; Treetteberg, Metrahedron1962 17, 147—154. 754.
(3) Beagley, B.; Small, R. W. HProc. R. Soc. AL963 276, 469-491. (14) Mutin, J. C.; Dusausoy, Y.; Protas,J).Solid State Cheni981, 36,
(4) Coulson, C. A,; Skancke, P. N. Chem. Socl962 2775-2782. 356-364.
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Figure 1. Scattered X-ray intensities for,804 [A = K (top left), 5-Rb (bottom left),a-Rb (top right), and Cs (bottom right)] at ambient conditions as

a function of diffraction angle @. Shown are the observed patterns (diamonds), the best Rietveld-fit profiles (line) and the enlarged difference curves
between observed and calculated profiles (below in an additional window). The high-angle parts are enlarged by a factor of 5, Stanadgest &8f 27

(K2C204), 30 (B-R,C204), 44° (0-RbC,04), and 22 (C£C,04). The wavelengths were = 0.7 A for K,C,0, and CsC,0,, 0.83 A for -Rb,C,0,, and

1.54 A for a-Rb,C,0;. In case off-Rb,C;04, several excluded regions in the powder pattern have been defined, in order to account for small amounts of
Rb,C,04-H,0 present in the sample, and in the caserd®b,C,04, 3-Rb,C,04 was included as a second phase.

H-bonds. This raises the question, whether the strongof K,C;O, (1), a-RC,04 (I -0), f-RC,04 (I1-4), and
prevalence of the planar configuration is related to intermo- CsC,0,4 (Il ) at ambient conditions.

lecular interactions rather than to the intramolecular electron ) )

density distribution. In order to empirically clarify this issue, EXPerimental Section

we have undertaken a systematic structural investigation of  potassium, rubidium, and cesium oxalate were prepared by
ionic oxalates that exhibit the lowest possible covalent dehydration of the corresponding monohydrates for 18 h at 373 K

bonding to the cations, i.e., the anhydrous oxalates of inavacuum. Potassium oxalate monohydrate was used as purchased
potassium, rubidium, and cesium. (K2Cy04+H0, Fluka, puriss. p.a.). Rubidium and cesium oxalate

Due to the hygroscopic nature of the oxalates, only few monohydrate were synthesized by reaction of the corresponding
instances of successful single-crystal syntheses of solvent-Ca”Cl’_Onat?g‘ (ﬁf:% Alfa Aegar,za%; %ilc% Chempur, p.a.) and
free oxalates in sufficient size and quality for single-crystal 2X&!c actd dify rate (bC:04-2H;0, Fluka, puriss. p.a) in an

. . . aqueous solution. The solution was stirred for 12 h at 353 K, and
: 15
zr(‘;:/yséi ngreagﬁﬁnfrr?r)ﬁrtaer? Saoq]?er.ol?g d;g;ﬁ:g:z%%)’ N the water was subsequently removed by distillation. The precipitates
20y,

b were washed with diethyl ether and acetone. The dehydrated
NaxC204,'" KoBe(CG:04)2'), or hydrothermal crystallization  oxalates were handled under argon as an inert atmosphere to prevent
(SrG0g).1° a possible contamination by water.

Therefore we performed high-resolution X-ray powder  X-ray powder diffraction data of the room temperature phases
diffraction experiments to determine the crystal structures of I, Il -5, andlll were collected aT = 295 K on beamline X3B1
of the Brookhaven National Synchrotron Light Source in transmis-
(15) Naumov, D. Y.; Virovets, A. V.; Podberezskaya, N. V.; Boldyreva, Sion geometry with the samples sealed in 0.7 mnQ.5 mm (I -

E. V. Acta Crystallogr., Sect C: Cryst. Struct. Comma895 51, B), and 0.3 mml(l ) lithiumborate glass (Hilgenberg glass No. 50)

60—62. o :
(16) Beagley, B.. Small, R. W. Hicta Crystallogr.1964 17, 783-788. capillaries (Figure 1). X-rays of wavelength 0.7 Rgndlll ) and

(17) Reed, D. A.; Olmstead, M. Micta Crystallogr., Sect. B: Struct. Sci. ~ 0.83 A (I -5) were selected by a double Si(111) monochromator.
1981, 37, 938-939. Wavelengths and the zero point were determined from eight well-

(18) Jaber, P. M.; Faure, R.; Loiseleur,Atta Crystallogr., Sect. B: Struct. : ; ;
Sci. 1978 34, 429-431. defined reflections of the NBS1976 flat plate alumina standard.

(19) Price, D. J.; Powell, A. K.; Wood, P. Polyhedronl999 18, 2499~ The diffracted beam was analyzed with a Ge(111) crystal and
2503. detected with a Na(TI)I scintillation counter employing a pulse
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Figure 2. Three-dimensional semitransparent representation of the microstrain distributio@&4{left), andS-Rb,C,04 (right) at ambient conditions.

The scale is imAd/d x 1078 strain.

Table 1. Crystallographic Data for #C;04 [A = K, Rb, Cs]

KoC04 ﬁ-szCzO4 (1-Rb20204 CsC,04

formula KoCo04 Rb,C,0,4 Rb,C,0, CsC,0,
temp (K) 295 295 260 295
fw (g/mol) 166.216 258.955 258.955 353.830
space group Pbam Pbam Ri/c P2i/c

2 2 4 4
a(d) 10.91176(7) 11.28797(7) 6.3276(1) 6.62146(5)
b (A) 6.11592(4) 6.29475(4) 10.4548(2) 11.00379(9)
c(A) 3.44003(2) 3.62210(2) 8.2174(2) 8.61253(7)
o (deg) 90 90 90 90
p (deg) 90 90 98.016(1) 97.1388(4)
y (deg) 90 90 90 90
V (A3) 229.572(3) 257.369(3) 538.30(2) 622.654(9)
pealc (glcnT) 2.404 3.341 3.195 3.774
Pobsd(g/cnP) 2.409(1) 3.172(2) 3.792(4)
wavelength (A) 0.70003(5) 0.82978(4) 1.54060 0.70003(5)
capillary diam (mm) 0.7 0.5 0.2 0.3
R-p (%) 4.9 5.1 4.4 7.1
R-wp (%) 5.9 6.1 5.8 8.3
R-F2 (%)2 6.4 8.7 8.9 8.2

aR-p, R-wp, and R-Fas defined in GSAS® R-p = i|yi(obsd) —
yi(caled)/[ Y iyi(obsd)]. R-wp={ Ziwi(yi(obsd)— yi(calcd)F/T 5 wi(vi(0bsd)1} 2
R-F2 = 3|Fi(obsd} — Fi(calcdf|/[3i|Fi(obsd¥|].
height discriminator in the counting chain. The incoming beam was
monitored by an ion chamber for normalization purposes in order
to take the decay of the primary beam into account. In this parallel
beam configuration, the resolution is determined by the analyzer
crystal instead of slit3? Data were taken in @ steps of 0.005
from 5° to 46.34 for 7.2 h (), from 5° to 59.06 for 9.3 h (I -f),
and from 3 to 45.14 for 9.4 h (Il ) (see Table 1). Although

orthorhombic unit cells fol andll - and to primitive monoclinic

unit cells forll -a. andlll with lattice parameters given in Table 1.
The number of formula units per unit cell could be determined to
bez =2 for | andll - andZ = 4 for Il -a. andlll , respectively,
from packing considerations and density measurements. The
extinctions found in the powder patterns indicated eitPleamor

Pba2 for | andll -3 andP2,/c for Il -oc andlll , respectively, as the
most probable space groupBbam and P2,/c could later be
confirmed by Rietveld refinemerifsto be the appropiate groups.
The peak profiles and precise lattice parameters were determined
by LeBail-type fit$* using the programs GSASand FULL-
PROF?6:27 The background was modeled manually using GUFI.
The peak profile was described by a pseudo-Voigt function in
combination with a special function that accounts for the asymmetry
due to axial divergenc®:2°The powder pattern dfandll -3 exhibit
severe anisotropic peak broadening caused by lattice strain, with
the sharpest peaks along the [001] direction havin@dl width

at half-maximum (fwhm) of 0.01%4for | and 0.02% for Il -5,
respectively. The phenomenological strain model of StefRass
implemented in GSAS was used to model the anisotropy of the
fwhm. Four parameters were refined for the orthorhombic phases.
A three-dimensional representation of the isosurface of the micro-
strain is shown in Figure 2.

The crystal structures dfandlll were solved in the following
way with use of the DASH structure solution packdger the
NSLS synchrotron and laboratory data sets: The measured powder
patterns were subjected to a Pawley refinefféntspace groups
Pbamfor | andP2,/c for Il in order to extract correlated integrated

®-scans did not show serious crystallite size effects, the samplesintensities from the pattern. Good fits to the data were obtained.

were spun during measurement for better particle statistics. The

powder patterns of (1) and (lll) exhibit several peaks of very small

amounts €0.5%) of the corresponding monohydrate phases.
X-ray powder diffraction data of the-phase of rubidium oxalate

(Il-a)) were collected at room temperature with a Stoe Stadi-P

transmission diffractometer (primary beam Johann-type Ge mono-

chromator for Cu kg, radiation, linear PSD) in®@ steps of 0.01
from 10° to 9C° at a temperature of = 260 K for 67 h with the

sample sealed in a glass capillary of 0.2 mm diameter (Hilgenberg,

glass No. 50) (Figure 1). Weak reflections corresponding to small

traces of the3-phase as an additional phase were observed in the

scan. Further experimental details are given in Table 1.
Data reduction on all four data sets was performed using the
GUFI program?! Indexing with ITCG? led to similar primitive

(20) Cox, D. E.Handbook of Synchrotron Radiatipkol. 3, Chapter 5
Powder Diffraction Brown, G., Moncton, D. E., Eds.; Elsevier:
Amsterdam, 1991.

(21) Dinnebier, R. E.; Finger, LZ. Kristallogr. 1998 Suppl. Issue 15.48.

(22) Visser, J. WJ. Appl. Crystallogr.1969 2, 89—95.

(23) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65—71.

(24) Le Bail, A.; Duroy, H.; Fourquet, J. LMater. Res. Bull1988 23,
447—-452.

(25) Larson, A. C.; von Dreele, R. B3SAS version 2002; Los Alamos
National Laboratory Report LAUR 86-748; Los Alamos National
Laboratory: Los Alamos, NM, 1994.

(26) Rodriguez-Carvajal, Abstracts of the Satellite Meeting on Powder
Diffraction of the XV Congress of the IUQp 127; Toulouse, France,
1990.

(27) Rodriguez-Carvajal, Fullproof.2k version 1.9c; Laboratoire Leon
Brillouin: Gif-sur-Yvette, France, 2001.

(28) Thompson, P.; Cox, D. E.; Hastings, J.JBAppl. Crystallogr1987,
20, 79-83.

(29) Finger, L. W.; Cox, D. E.; Jephcoat, A. P.Appl. Crystallogr1994
27, 892-900.

(30) Stephens, P. W.. Appl. Crystallogr.1999 32, 281-289.

(31) David, W. I. F.; Shankland, K.; Shankland, 8hem. Commuri.99§
931-932.

(32) Pawley, G. SJ. Appl. Crystallogr.1981, 14, 357—-361.
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Table 2. Positional Parameters and Temperature Factors $G:@q
\ [A = K, Rb, Cs] at Ambient Conditions
atom X y z U/Ue (A?)
K2C204
K(1) 0.34860(6) 0.59497(9) Y, 0.0214(2)
c@) 0.4383(2) 1.0699(4) 0 0.0195(7)
0(1) 0.4505(1) 1.2729(3) 0 0.0268(6)
99° 0(2) 0.3408(2) 0.9639(2) 0 0.0190(5)
B-Rb,C204
Rb(1)  0.34720(5) 0.59308(8) > 0.0283(2)
c(1) 0.4402(3) 1.0632(6) 0 0.00€1)
o(1) 0.4517(2) 1.2584(4) 0 0.0006(8)
0(2) 0.3486(2) 0.9706(3) 0 0.0061)
Figure 3. Sketch of the oxalate anion as found in,C£s. a-Rb,C,0,
_ _ o _ _ Rb(1)  0.2827(2) 0.2938(1) 0.9790(2) 0.0533(5)
An internal coordinate description of the oxalate moiety (Figure Rb(2) 0.2306(2) 0.5851(1) 0.3350(2) 0.0484(5)
3) was constructed using bond lengths, angles, and torsion angles €(1) ~ 0.6904(6) 0.0459(5) ~ 0.7802(7)  0.056(1)
» ding hydrated phase€k0,H,0.# % and CsC,0s c() 0.8215(6) 0.1035(3) 0.6544(7) 0.056(1)
rom corresponding hy p 420, 204 o(1) 0.5518(9) 0.1255(6) 0.8050(8)  0.056(1)
2H,0 .37 The torsion angles between the two carboxyl groups could  0(2) 0.7124(2) —0.0583(5) 0.8369(8) 0.056(1)
not be assigned precise values in advance, and thus they were treatedo(i) 8-;333(;) g-ig%(g) g-gggg(g) 8-822(1)
as variables for refinement in the simulated annealing procedure. “) : ®) C CC() ) : ®) 056(1)
o . . o $Co04
The p_osmons of the crystallegraphlcally independent alkali cations Cs(1) 0.2840(2) 0.2948(1) 0.9827(2) 0.0307(5)
(one in the case df andll -3; two in the case ofl -a andlll ) as Cs(2) 0.2294(2) 0.5886(1) 0.3316(2) 0.0322(5)
well as the position, orientation, and conformation of the oxalate C(1) 0.691(1) 0.0560(6) 0.7777(7) 0.034(2)
ong i ; c(2) 0.833(1) 0.1115(4) 0.6652(9)  0.034(2)
anions in the uplt cell were postulated, anql the Ievel_ of agreement o) 0.547(1) 0.1256(9) 0.8075(8) 0.034(2)
between the trial structure and the experimental diffraction data 0(2) 0.724(2) —0.0511(6) 0.8309(8) 0.034(2)
was quantified by 0(3) 0.778(1) 0.1108(6) 0.5180(9) 0.034(2)
0(4) 1.001(1) 0.1541(7) 0.733(1) 0.034(2)

a Absorption correction was only applied to the data set measuréd at
= 1.54 A, but not for data sets measured at higher energies, explaining the
low-temperature factor for oxygen in the case of the refinement of
S-Rb,C04.

= Z Z[(Ih — clFy AV Hpdl— el

Here I, and I, are Lorentz-polarization corrected, extracted
integrated intensities from the Pawley refinement of the diffraction
data,Vy is the covariance matrix from the Pawley refinemerig
a scale factor, anffF| and|Fy| are the structure factor magnitudes

Table 3. Selected Bond Lengths (A) and Angles (deg) faC40, [A
= K, Rb, Cs] at Ambient Conditioris

calculated from the trial structure. The trial structure was subjected K2C204 B-RC0s  a-RDC:04  CC04
to a global optimizatioft where the torsion angle between the distances (A)
carboxyl groups and the bond length between the carbon atoms C—C 1.595(3) 1.567(5) 1.536(7) 1.56(1)
were the only iﬁternal degrees of freedom. T'he external degrees of c-0 igig((% %%gg((g; 1'11?(2%5)(1) 1'27(11.58(1)
freedom consisted of the fractional coordinates describing the  A(1)-O  2.806(2F  2.960(2¢  2.888(6)  3.069(9)
positions of the alkali cations and the oxalate anions, and four 2.901(1) 3.051(2) 3.386(5) 3.557(9)
quaternion® describing the orientation of the molecule. The Al2)-0 2'8312(87&7) 3'0%)57(?7’(9)
structure giving the best fit to the data was validated by Rietveld angles (deg) ' '
refinement of the fractional coordinates obtained at the end of the =~ O0—-C-O  127.5(2) 125.4(3) 113.2(5) 125.7(8)
simL_llated ann_ealing run. torsion angles (deg) 126.6(5) 125.8(8)
Rietveld refinements were performed on all powder patterns of o—c—-c-0 0.0(3) 0.0(4) 94(3) 99(1)

I, 11-3, 1-a, andlll using the program package GSAS (Figure 1).
The background was modeled manually using GUFI. No additional
phases were included in the refinement pfl -3, andlll , but in

the case ofl -3, several excluded regions containing reflections of
rubidium oxalate hydrate were defined. In the refinemerit ad,

the polymorphl -4 was included as an additional phase (about 18
wt %). The peak profile was described by a pseudo-Voigt function,
in combination with a special function that accounted for the johansson monochromator) were conducted from room temperature
asymmetry due to axial divergent®?® Due to the excellent  yp to 373 K. Densities of the alkali oxalates were determined by
reflection-to-parameter ratio, no soft constraints were necessary toyse of a He pycnometer (Micromeritics AccuPyc 1330 GB). IR
data were recorded using the KBr disk method (1 mg of oxalates
at 500 mg of KBr, prepared in a glovebox in an argon atmosphere)
using a Bruker IFS 113v (Karlsruhe) FTIR spectrometer. Raman
spectra were recorded of samples in sealed quartz capillaries
(diameter 1 mm) using a Jobin Yvon (Horiba) Raman spectrometer.

aThe given esd’'s are Rietveld statistical estimates and should be
multiplied by a factor of up to 6 according to ref 52.

stabilize the refinements. Agreement factdrsv@lues) are listed

in Table 1, the coordinates are given in Table 2, and a selection of

intra- and intermolecular distances and angles is given in Table 3.
Guinier—Simon measurements (Enraf-Nonius FR 553, @uy,K

(33) Pedersen, B. FActa Chem. Scand.964 18, 1635-1641.

(34) Hodgson, D. J.; Ibers, J. Acta Crystallogr., Sect. B: Struct. Sci.
1969 25, 469-477.

(35) Sequeira, A.; Srikanta S.; Chidambaram ARta Crystallogr., Sect.
B: Struct. Sci.197Q 26, 77—80.

(36) Jovanovski, G.; Thomas, J. O.; Olovssordta Crystallogr., Sect.
B: Struct. Sci.1987, 43, 85-92.

(37) Kholodkovskaya, L. N.; Trunov, V. K.; Tskhelashvili, N. B. Struct.
Chem.199Q 31, 667—670.

(38) Leach, A. R.Molecular Modelling Principles and Applications
Addison-Wesley Longman Ltd.: Reading, MA, 1996; pp4&

Results and Discussion

Freshly prepared anhydrous rubidium oxalate consists of
a mixture of both phases of rubidium oxalate with the

1502 Inorganic Chemistry, Vol. 42, No. 5, 2003
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Figure 4. Guinier—Simon image plate recordings of O, as a function

of temperature in the range 306:870.5 K. Whereas at room temperature
the a-and 3-phases coexist, the-phase disappears completely at 333(2)
K.

Figure 5. Packing types of KC,04 (AIB 2-type) (a, c) and GE€,04 (Hges

Asi-type) (b, d). The relation between the two structure types is visible in
projections c and d. Alkali metal positions are in light gray, and the positions

of the centers of mass of the oxalate anions are in white.

a-phase [ -a) as the predominating phase. Heating the

spacer. Each oxygen atom of the oxalate anions is coordi-
nated to four alkali cations. Pairs of potassium cations
(distance 3.502(1) A: rubidium cations 3.643(1) A; Table
3), which are interconnected by paralleHC bond) oxalates

in a zigzag manner, form infinite parallel double chains along
thec-axis. In thea-direction, the double chains are alternately
inclined by approximately:20° against thea-axis, leading

to a herringbone arrangement (Figure 6). Each alkali cation
is surrounded by eight oxygen atoms in the form of a
distorted cube (Figure 7). Two cubes form a pair via a
common face, and these pairs are stacked to infinite chains
along thec-axis via common faces. Therefore, each cube
shares three faces with neighboring cubes. Four of the side
edges of a double cube are shared with four neighboring
double cubes. Each oxalate chain is connected to four double
chains of alkali cations and vice versa.

In contrast to the crystal structures bfand Il -3, the
isotypic crystal structures df -o. andlll are not layer but
framework structures (Figure 6). Each of the two crystallo-
graphically different alkali cations is surrounded by a
different number of oxygen atoms forming irregular poly-
hedra (Figure 7). The alkali atoms Cs(1) and Rb(1),
respectively, are coordinated to nine oxygen atoms (distances
3.069(9)-3.557(9) A for cesium; 2.888(6)3.386(5) A for
rubidium; Table 3) which belong to six different oxalate
anions in the form of a distorted tetragonal antiprism capped
at one of its trigonal planes. Consequently, two of the oxalate
anions are side-on coordinated to the alkali cation, while one
is end-on coordinated. Each alkali cation Cs(1)/Rb(1) is
surrounded by eight alkali cations (six Cs(2)/Rb(2) and two
Cs(1)/Rb(1)) in the second neighbor shell. Two alkali cations
are located on top of the tetragonal planes, while each of
the remaining six atoms is located on top of a trigonal face.
The trigonal faces, built by the two side-on coordinated
oxalate anions, are not capped. The alkali cations Cs(2)/Rb-
(2) are coordinated to 10 oxygen atoms (distances 3.015-
(8)—3.737(9) A for cesium; distances 2.816¢8.580(7) A
for rubidium; Table 3) belonging to only five different
oxalate anions in the form of an irregular polyhedron. This
can best be described as a distorted trigonal prism with
twisted roof and two additional oxygen atoms capping each
of the tetragonal side faces of the prism. The roof is twisted
by approximately 45 Two end-on coordinated oxalate
anions form the tetragonal base plane of the prism. Two
oxygen atoms of two different oxalate anions form the roof.
One of these oxalates is coordinated with only one oxygen

o-phase above room temperature or storing at room tem-atom therefore having the shortest alkali oxygen distance of
perature for some time leads to a complete transition into 3.015(8) A for cesium, and 2.816(7) A for rubidium,

p-rubidium oxalate I -5) (Figure 4).

The crystal structures aéfandll -5 are isotypic. They can
be viewed as distorted AlBtype layer structures (3%
distortion from hexagonal metric). The center of gravity of
the oxalate anion is in the origin of a hexagonal unit cell,

and two alkali cations are located close %g/5%/, and

2345, (Figure 5), thus forming alternating layers of oxalate

respectively, while the other anion is coordinated with three
oxygen atoms building one of the two caps. The other cap
is formed by a side-on coordinated oxalate anion. Each alkali
cation Cs(2)/Rb(2) is surrounded by eight alkali cations (six
Cs(1)/Rb(1) and two Cs(2)/Rb(2)) in the second neighbor
shell.

The positions of the centers of gravity of the oxalate anions

anions and alkali cations. The planar oxalate anions areform ahcptype structure (maximum deviation of 3% and
located on a mirror plane, forming infinite parallel chains 0.8 from hexagonal metric, respectively) with the (idealized)

along thec-direction with the length of the-axis as the

positions of the oxalate anions at 08Q%/5%, and the alkali
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Figure 6. Crystal structures of #C;04 [A = Li (top left),1® Na (top right)}” K, 8-Rb (bottom left),a-Rb, Cs (bottom right)] in different projections.
Oxygen positions are in white, carbon positions are in dark gray, and alkali metal positions and their corresponding polyhedra are in light gray.

Figure 7. Coordination polyhedra of crystal structures ofG0, [A =
Li (top left),16 Na (top right)}” K, 8-Rb (middle left),a-Rb, Cs (A(2) middle

cations at 08, 1/3%/50, and?/5Y3%,. This is the type of packing

found in HgeAs (P6mM2)394° or, alternatively, corresponds
to a modification of boron nitrid® with a vacancy at

2343, (Figure 5).

The oxalate anion itself is twisted by 99{%pr Il (94-
(3)° for 1l -a) (Figure 3). This can be attributed to packing
effects in the cesium (rubidium) compound. The influence
of hydrogen bonding as found for other, slightly twisted
oxalates can be excluded. The lengthening of thec®ond
of the oxalate anionX1.54 pm) is consistent for all oxalates
and can be explained by MO thed®/3

The crystallographic relationship between these two dif-
ferent crystal structure®pamandP2,/c) can be understood
from the following group-subgroup relationshipPbam—
Pbam(doubledc-axis, which is not observedy P2;/c. The
transformation matrix is given by

002
(a b C)le/c= 100 *(a b C)-Il;bam
010
Figure 5 shows the relations of the packings of the two
different crystal structures in two projections. It is clearly
visible that (apart from an internal twist within the oxalate
anion) displacive movements of both the alkali cations and
the center of gravity locations of the oxalate anions occur.

(39) Puselj, M.; Ban, ZJ. Less-Common Mel974 37, 213-216.
(40) Donohue, JJ. Less-Common Mel978 57, 229.

right, and A(1) bottom left)]. Oxygen positions are in white, carbon positions  (41) Pease, R. SActa Crystallogr.1952 5, 356—-361.
are in dark gray, and alkali metal positions and their corresponding polyhedra (42) Brown, R. D.; Harcourt, R. DAust. J. Chem1963 16, 737—758.

are in light gray.
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(43) Zhou, G.; Li, W.-K.J. Chem. Educ1989 66, 572.
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No major rearrangements within the crystal structures are Table 4. Band Assignment for C;04 (A = K, Cs)

necessary. - K Cs assignment
It may be speculated that the driving force for the structural 7| Raman R Raman (irrep in DY)

phase transition betweelh-5 and Il -a is related to the 1743 24C0)

increased polarizability and/or size of the rubidium cation 1663 1567

compared to the potassium cation. An unfavorable cation to 1621 1549 vadCO) (b2)

anion size ratio for a given packing creates stress in certain 1649 1557

directions in a crystal structure. This is directly related, via 1619 1538 vadCO,) (bsg)

the elastic constants, to the anisotropic microstrain (Figure 156, impurity

2). The latter can be derived from high-resolution powder 1507

diffraction data. Three-dimensional anisotropic strain distri- 1437 1489 1489 v§(CO,) (2ag)

butions ofl andll -4 on an equal scale immediately reveal {355 1301

an increase in strain within the alkali and oxalate layers, 1309 1324 (W) 1299 1298 va{CO) (bu)

respectively, with an increase in the size of the cation. In 872 898 04CO) (ag)

both cases, the strain perpendicular to the layers is relatively 855 860

low, leaving the packing in the perpendicular direction 496 817 822 90(CO,) (bsu)

essentially unchanged (Figure 5). It should be noted that, 774 241 747 5:4COp) (br)

for cesium oxalate, no significant anisotropy of the micro- 766 745 * e

strain was found. 519 0,(COy) (b2g) (?)
The neutral, solvent-free alkali oxalates clearly show a 462 431 ¥(CC) (ag (?)

strong dependence of the coordination numbers on the size 300

of the alkali cations, starting with four (tetrahedron, lithium) 407 289 9p(CO,) (b2/b3q)

and increasing to six (octahedron, sodium), eight (cubic,
potassium ang-rubidium), and nine and ten (cesium and angle. The corresponding normal coordinates are represented
a-rubidium) (Figure 7). The structure of lithium oxal#te by a substantial mix of the symmetry coordin&tedready
consists of planes of corner-shared tetrahedra of,LiO present in the highest possible symmetry cas®mf Due
connected by planes of oxalate anions (Figure 6). The to this coupling the lowest and second lowest bands of the
structure of sodium oxalaeis, except for different coor-  totally symmetric modes were reassigned, vize = 490
dination numbers, similar to those of potassium @adi- cm ! and dco, = 894 cnt'. This reassignment brings the
bidium oxalate. All consist of a herringbone arrangement of band assignment of £,*~ and the isoelectronic and
infinite double chains of the corresponding alkali cations isostructural MO, in agreement. Therefore, the band assign-
interconnected by infinite chains of oxalate anions with a ments of AC,0, (A = K, Cs), shown in Table 4, are based
smaller inclination for sodium oxalate (Figure 6). Edge- on these new data.
shared slightly distorted octahedra of Ng@rm the infinite In the crystal structure of ¥C,0O, (0P16, Pbam dihedral
double chains of sodium which are connected to neighboring angle= 0°), the oxalate anion is placed on the special site
double chains via a common corner as in rutile type 2c of site symmetryCy. Therefore, 12 and 10 internal modes
structures. The structures of the water-containing alkali of the oxalate anion are expected in the Raman and IR
oxalates are completely different from their corresponding spectra, respectively (see correlation table, Table 5). In
anhydrous compoundss-37:44 contrast, the oxalate anion of 0, (MP32, P2;/c, dihedral

The band assignments for the vibrational spectra, and theangle = 99°) is placed on general sites. All modes of
conclusions one can draw from these about the geometry ofmaximum point group symmetry, mix to irreducible
oxalate anions in solid-state and aqueous solution are stillrepresentation A foiC; point group symmetry. Thus, 24
subject to controversial discussiof¥s®® On the basis of the  internal modes are expected in the Raman as well as the IR
spectra of isotopically pure samples of'kC,04°H,O and spectra of this compound (see Table 5).
K2¥C,04H,0 and the data dfN,O, and**N,O, as well as In particular, the rule of mutual exclusion holds fos@O,
corresponding force field studies, it has been recently but not for CsC,O,4. As a consequence, the Raman and IR
showrt*“6 that the wavenumbers of the oxalate vibrations, spectra of KC,O, are complementary, e.g., the Raman
especially thes(CC) mode, strongly depend on the dihedral spectra exhibit exclusively bands due to gerade modes, while
the IR spectra exhibit the ungerade modes (Table 4 and

(44) Pedersen, B. FActa Chem. Scand.965 19, 1815-1818.

(45) Ito, K.. Bernstein, H. JCan. J. Chem1956 34, 170-178. Figure 8). The observed wavenumbers fit quite well to
(46) Begun, G. M.; Fletcher, W. HSpectrochim. Actd963 19, 1343 literature value®d for the planar oxalate anion oba,

1349. S
(47) Pedersen, B. Pcta Chem. Scand 967, 21, 801—811. symmetry. Except for one banql at 1561 cmwhich is dL_Je
(48) Shippey, T. AJ. Mol. Struct.198Q 65, 61—70. to a small quantity of an impurity, all bands were assigned
(49) Shippey, T. AJ. Mol. Struct.198Q 67, 223-233. to the given fundamentals. Weak bands in the 462000
(50) Hind, A. R.; Bhargava, S. K.; Van Bronswijk, W.; Grocott, S. C; _q . . P

Eyer, S. L.Appl. Spectrosc1998 52, 683-691. cm™* region were assigned fully to combination bands and
(51) Clark, R. J. H.; Firth, SSpectrochim. Acta, Part 2002 58, 1731~ overtones, respectively.

1746. .
(52) Hill, R. J.; Cranswick, L. M. DJ. Appl. Crystallogr1994 27, 802 In contrast, the spectra of 850, exhibit thev{(COy),

844. 04C0O,), and 6,{CO;) modes in either case, due to the
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Table 5. Correlation Table for the Vibrational Modes 068,04 and CsC,04

free ion solid state
A site symmetry| space group activity
Cs Dzd Dz C] Czs/q R IR
B, (1) Ag (12) 12
B: (2) B, (12) 12
EQ) B: (3) B. (12) 12
B3 (3)
224 24
K Don Con D;, R IR
Bs, (2) By, (5) >
A e | MO
U
Bsu (1) B (2) 2
By (0) B, (1) By, (1) 1
By (1) Bs, (1) !
B, (2) B, (4) B, (4) 4
B (2) Bs, (4) 4
212 210

400 800

1200

1600 2000

Transmission (IR) / rel. Int. (R)

Cs,C,0,-R
o~
N~
@ o
% < » KZCZO4'R
< ©
~ © N - o
< 5 2 L
400 800 1200 v /em” 2000

Figure 8. Vibrational spectra of AC;04 (A = K, Cs; IR, transmission, Raman (R), rel. intensities; all spectra are shifted for clarity, and marked bands

correspond to quartz, used as tube material).

Cs,C,0-IR |

Dinnebier et al.

breakdown of the law of mutual exclusion in this particular the »(CC) and d,(CO,) modes are shifted toward lower
case. Nevertheless, bands assigned to gerade modes iwavenumbers in comparison ta®:O, (Table 4 and Figure
K.C,O,4 are more intense in the Raman spectra, while those 8). Additional strong bands at 855 and 817 ¢rare observed

corresponding to ungerade modes i¥CKO, exhibit higher

1506 Inorganic Chemistry, Vol. 42, No. 5, 2003

in the IR spectra, which are also observed as very weak bands
intensities in the IR spectra. Band assignments agreed wellin the corresponding Raman spectra. Taking into account
with those found for the twisted oxalate anion in ammonium (i) the high intensities of those bands in the IR spectra, (ii)
oxalate hydraté! As a consequence of the twist geometry, the reassignments stated above, and (iii) the strong increase
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of the p,,(CO;) mode on increase of the dihedral angle (526 National Laboratory, which is supported by the US Depart-
and 641 cm! for r = 0° and 28, respectivelyf! those bands  ment of Energy, Division of Materials Sciences and Division
very likely arise from the wagging modge,(CO,), which is of Chemical Sciences. The SUNY X3 beamline at NSLS is
observed in the IR spectra of,&0, at 496 cn™. supported by the Division of Basic Energy Sciences of the

As a result, the vibrational spectra 0§®&0, and CsC,0, US Department of Energy under Grant No. DE-FG02-

are in good agreement with the structures of the oxalate ggeRas231 Special thanks go to Sanela Kevric (MPI-FKF
anions derived from the diffraction studies. Due to the phase at Stuttgart) for her support in sample preparation and to

behavior, the V|brat|onal' spectra of as-prepared samples OfPeter Stephens (SUNY at Stony Brook) for his help during
Rb,C,O, show the prominent bands of thle-s as well as . . . .
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