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Geometry, Energy, and Vibrational Frequencies of the Bis(dicyanomethylene)squarilium
Dianion'

Bruno Lunelli,* # Magda Monari, and Andrea Bottoni
Department of Chemistry “G.Ciamician”, Unérsity of Bologna, 2ia F. Selmi, 1-40126 Bologna, Italy

Receied: September 29, 2000

Similarly to its 1,2-isomer, the bis(dicianomethylene)squaraine (BCSQ) atom connectivity can be a dianion,
a radical anion, and a neutral, electron-poor species. This makes it attractive as a constituent unit of new
materials. In the present paper we investigate the stable dianion, using theoretical calculation results to connect
the geometry determined by X-ray diffraction of the single crystal ofBGEQ4H,O and the vibrational
frequencies determined by solution- and solid-state infrared and Raman spectroscopy of various neutral salts.

Introduction CHART 1
Our long-lasting interest in cyclobutene derivativess o —l 2-
chemical specieswhich by themselves or as aggregates can [
give useful new chemical compounds or materighspmpted NC. c .CN BCSQ*
. . . . h ~ A ~ X
us to investigate the relevant physicochemical properties of the /C=C\©/C=C\,CN ® ;
title system, which is known as a dianfofi3-(dicyanomethyl)- NC ¢
2,4-dioxocyclobutylidene]propanedinitrile ion(, CAS number i;
92-447-68-0; see Chart 1). Removal of one electron from the y

highest energy orbital might also yield a radical anion (B€3$Q
and dismutation, or withdrawal of a second electron from the color of the hydrated salt NBCSQ4H,0, which crystallizes
radical anion, should give a neutral (BCSQ), electron-poor from the hot saturated water solution. The cesium and thallium
species similar to the well-known electron acceptor tetracyano- salts are very slightly soluble in acetonitrile, much more in
quinodimethane (TCNQ). The easy synthesit the radical  dimethyl sulfoxide (DMSO): about 17 and 37 mg in 1@0at
BCSQ~ provided impetus to the investigation of BC5Q 25°C, respectively. The deuterated hydrateB@RSQ4D,0 was

To gain robust knowledge of the basic physicochemical prepared from the stoichiometric quantities of,R&SQ and
properties of BCS&, that is geometry and vibrations, from  p,0 in an Ar atmosphere.
measurements carried out necessarily in condensed phases by
means of X-ray diffraction (XRD) and IR and Raman spectra,
we planned to connect the new experimental information in such
a way to build up a scaffolding of reciprocally reinforcing

evidences. This required carrying out theoretical computations - .
of such quantities for the free dianion. also the cesium salt gave needlelike crystals, but too small to

Hereafter we report, compare, and discuss the outcomes Ofobtain sati;factory re§ults from the presently available apparatus.
the calculations and the measurements. We are trying to obtain BBCSQ crystals from DMSO solutions.
Thermogravimetry (TG) utilized a Mettler TG 50 ther-
Experimental Section mobalance, as a part of a Mettler TA3000 system; the sample
S ) ) was heated at a ratdf @ K min~* from 30 to 220°C in a
BCSQ’" Salts The disodium salt was synthesized following  ¢onirolled air stream at atmospheric pressure. The weight change

a reported procedufeThe potassium, rubidium, and cesium ., responds to the loss of four molecules of water per mole of
salts were obtained as anhydrous, crystalline precipitates byNaQBCSQ from which the above formula was derived. The
mixing concentrated water solutions of stoichiometric quantities anhydroué salts did not change weight '

of the sodium salt and potassium nitrate and rubidium or cesium ’ . i ) )
chloride. The thallium salt, prepared by mixing a hot solution _ Differential scanning calorimetry (DSC) exploited a Mettler

of the sodium salt with an excess of thallium acetate, was a PSC 20 accessory; the sample was heated at afratt onin ™
powder without evidence of becoming crystalline even after from 30 to 250°C. The anhydrous salts did not show peaks.
keeping t 4 h at 100°C in the mother solution (“Ostwald ~ The sample of NBCSQ4H,O was put into a flat, punctured
ripening”). These salts, as well as the anhydrous, hygroscopicaluminum box; the TG curve, its first derivative, and the DSC
sodium salt, have an orange-red color, in contrast to the yellow curve indicate that substantial water loss starts atGand
ends at 105C. There is no evidence of other hydrates. The
T Part of the special issue “Aron Kuppermann Festschrift”. area under the single p&atorresponds to 248 kJ per formula

* To whom correspondence should be addressed. E-mail: blunelli@ yeight, an approximate value farH°373 ¢ of the process Na
ciam.unibo.it. j

* Also at the Istituto di Spettroscopia Molecolare CNR, via Gobetti 101, BCSQ4H0(s) - NaBCSQ(s) + 4H20(9). The difference,
1-40129 Bologna, ltaly. about 85 kJ, with 4x 40.65 kJ~ 163 kJ, which refers to the
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Single crystalsof yellow NaBCSQ4H,O were grown by
slow cooling of the warm (about 4CC) water solution. Their
composition was established by thermal analysis, and confirmed
by the results of XRD. By evaporation of its aqueous solution,
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TABLE 1: Crystal Data and Experimental Details for Na,BCSQ4H,0O

empirical formula N&C10N4O02-4H,0 D, Mg m™3 1.547

M 326.18 u(Mo Ka), mm2 0.179

temp, K 293(2) F(000) 664

wavelength, A 0.710 69 cryst size, mm 0.04¢®.10x 0.30

cryst sym monoclinic 6 limits, deg 2-25

space group C2/c (no. 15) scan mode 1)

a A 10.829(2) no. of refins collected 2544k, +k, £ 1)

b, A 20.295(2) no. of unique obsd reflnB{ > 40(F,)] 1220

c, A 6.701(3) goodness of fit oR? 0.979

p, deg 108.02(2) R(F),2wR; (F?)® 0.0318, 0.0690

cell vol, A3 1400.5(7) weighting scheng b 0.0396, 0.000

z 4 largest diff peak and hole;%3 0.23 and-0.17

ARy = Y||Fo| — IFc/Y[Foll. PWRs = [SW(Fo? = FAZYW(FoAAY2, w = 1/[0*(Fe?) + (aP)? + bP], P = (F2 + 2F3)/3.

TABLE 2: Selected Bond Lengths (A), Contacts (A), and Angles (deg) in N8CSQ4H,0

C(1)-C(3) 1.465(3) C(4yC(5) 1.419(3)
c(2)-C(3) 1.449(3) C(5¥N(1) 1.143(3)
C(1)-0(1) 1.232(3) C(4yC(6) 1.422(3)
C(2)-0(2) 1.256(3) C(6¥N(2) 1.139(3)
C(3)-C(4) 1.381(3) O(20(1w")ab 2.933(2)
O(Ly-O(1wy 2.801(3) O(20(2wV)ab 2.907(3)
Na(1y-O(1w)} 2.411(2) Na(2yO(2wVihyab 2.365(2)
Na(1 -0 (2wX)aP 2.438(2) Na(2FN(2¢)P 2.433(2)
Na(1y-N(1)P 2.473(2) Na(2FN(1v)b 2.717(2)
Na(1}-Na(2V)p 3.680(2)

C(3)-C(2)-C(3)° 91.6(2) C(3)-C(4)-C(6) 122.02)
C(2)-C(3)-C(1) 89.0(2) C(6Y-C(4)-C(5) 117.2(2)
C(3)-C(2)-0(2) 134.2(1) C(4¥C(5)-N(1) 178.8(2)
C(3)-C(1)-0(1) 134.8(1) C(4¥C(6)-N(2) 179.1(2)
C(3)-C(4)-C(5) 120.7(2) C(4¥C(3)-C(2) 134.7(2)
C(4)-C(3)-C(1) 136.3(2) O(1wyH(1B)~O(2")ab 147(3)
O(1w)—H(1A)~O(1y 157(3) O(2w)-H(2A)~0(2V)2p 152(2)
O(2w)—H(2B)~O(1w¥x)ab 170(3)

aThe two water oxygens in the asymmetric unit are labeled O(1w) and O(2w), respectively, to distinguish them from the dianion oxygens.
bSymmetry codes: I-x,y, —z+ 0.5; lll, =x, =y + 1, =z IV, —x+ 1, -y +1,—z+ 1; VIll, -=x — 0.5,—y+ 0.5,—z IX, x — 1,y,z— 1;
Xl, =x — 0.5,y — 0.5,—z+ 0.5; XV, =%, =y, —z+ 1; XVIl, x — 1, -y, z— 0.5; XIX, x+ 0.5,—y + 0.5,z + 0.5.

vaporization of 4 mol of water at 100C, is a measure of the
energy required to convert the hydration water into the pure
liquid.

The equilibrium water pressure over the NgaBCSQ4H,0-
(s)—NaBCSQ(s)-H»0(g) systemwas measured at the labora-
tory temperature of 23C utilizing a previously described
apparatug,but using a Baratron with an end scale of 100 Torr.
We found 2 Torr= 267 Pa+ 20% as the equilibrium value,
considerably lower than the 2810 Pa of pure water at this
temperature. This result agrees with the considerable energy
required to remove the water from the hydrate, and the strong
bonding of the HO molecules in the NBCSQ4H,0 evidenced
by XRD. Figure 1. Geometry of BCS® in the crystal of NaBCSQ4H,0. Only

XRD from a Single Crystal of Na,BCSQ4H,0. A yellow the C; axis through the two carbonyls of tie, free dianion is retained
crystal of the title compound was sealed inside a thin-walled in the crystal. Thermal ellipsoids are drawn at a probability of 50%.
glass capillary. The diffraction experiments were carried out at
room temperature on a fully automated CAD4 diffractometer. Parameters for the hydrogen atoms 1.2 times the value of the
The unit cell parameters were determined from 25 randomly average isotropic thermal factor of the oxygen atom.
selected reflections by using automatic search, indexing, and Selected interatomic distances and angles are reported in
least-squares routines. A summary of the experimental proce-Tab|e 2, while a representation of the dianion with the symbols
dures and data collection is given in Table 1. Intensity data were used in Table 2 is given in Figure 1.
corrected for Lorentz and polarization effects. An empirical ~UV—Vis—Near-IR Spectrum. The absorbance spectra of
absorption correction was applied by using the azimuthal scan CBCSQ were measured in its DMSO solutions (&7.0~4
method® The structure was determined by direct methods in and 7.9x 10-°m) in 2 mm thick quartz cells by using a Cary
the centric space group2/c using SHELXS 8B and success- 5 spectrophotometer, from 200 to 2500 nm. The results are
fully refined by full-matrix least-squares calculations. The shown in Figure 2 for the region 2600 nm; there are no
hydrogen atoms in ¥ were located in a Fourier difference detectable features from 800 to 2500 nm (4000 Ymwhere
map. The final refinement of? proceeded by least-squares the measurement of the IR spectra starts.
calculations (SHELXL 9%) using anisotropic thermal param- IR Spectra. The FT-IR spectra of NBCSQ, NaBCSQ
eters for all the non-hydrogen atoms and fixed isotropic 4H,O, NaBCSQ4D,0, TI,BCSQ, and C8BCSQ were recorded
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\ spectrometer) 100 with a liquid nitrogen cooled Ge detector at
! a resolution of 4 cm' in the backscattering 18@eometry using

as exciting radiation the 1064 nm line of a focused continuous
| wave (cw) Nd":YAG. As usual** the bands stay sharp even
i in the solid.

Initially we tried to measure the polarized Raman spectrum
of a 0.57 m solution of NaBCSQ in DMSO by using a
Renishaw 1000, a dispersive charge-coupled-device (CCD)
detector Raman spectrometer, with the-H\e 632.8 line as
the lowest frequency exciting radiation, but fluorescence was
so strong to allow observation of only a few bands. The
R o wavelengthiom spectrum shown in Figure 4 was measured in the backscattering

200 300 400 500 600 700 800 mode by means of the Bruker RFS 100 using focused 1064 nm
Figure 2. Vis—UV spectrum of Cs8CSQ as a solution in DMSO.  radiation at a resolution of 1 cm. The frequencies and

intensities of the main bands observed in the mentioned

at about 25C from 4000 to 40 cm! using a Bruker IFS 113v,  substances are listed in Table 3.
operating in a “vacuum”, that is, at about 15 Torr of 99% N Computational Methods. The computations were carried out
[detector DTGS, apodization function three-term Blackman- at the DFT level? using the Gaussian $8series of programs.
Harris, resolution 1 cmt, beam splitters Ge on KBr (4080 The 6-31G* and 6-311G** basis sétavere employed.
400 cnt?) and Mylar 3.5um (700-125 cn1?), 6 um (480-80 The geometry of BCS® was fully optimized by means of
cmt), and 12um (220-40 cnTt)]. Two different sample forms  the gradient method available in Gaussian 98. The computed
were used: paraffin oil and hexachlorobutadiene mull for all values of the geometrical parameters are collected in Table 4,
the compounds and solutions [2Bn thick solutions of 10 and  where the symbols for angles and distances are those of Figure
2 mg of the cesium salt in 10l of DMSO and fully deuterated 1. The computed harmonic vibrational frequencies and IR and
DMSO (DDMSO); 12um thick solutions of 37 and 8 mg in Raman intensities are listed in Table 5. A single scaling factor
100uL of DMSO for the thallium salt]. DMSO dissolves KRS5, of 0.96 and 0.99 has been used for B3LYP and BLYP,
so except for saturated HCSQ it was necessary to use ZnSe, respectively:d
Si, or ultrahigh molecular weight polyethylene (UHMWPE)
windows. The mulls of the hydrated species were squeezed
between ZnSe (region 394%00 cnT?), UHMWPE (spectral

region 706-40 cn), or Si windows contained in a vacuum- 1 _Crystal Packing and Molecular Geometry of NaBCSQ
tight cell for liquids* to avoid loss of water. 4H,0. The crystal is built up of discrete dianions, sodium
In view of the possibility that the solutesolvent interactions  cations, and water molecules (four per formula unit) held
modify the spectrum of the solvett,we also measured the  together by a tridimensional array of catieanion and catiof
spectrum of solutions of Csl in DMSO of the same molality as \vater interactions and hydrogen bridges. Both anions and cations
those of CsBCSQ, but in the region 4066500 cnt* we found are located on 2-fold symmetry axes, and the independent part
only negligible differences with that of pure DMSO. of the cell consists of half an anion, two half-cations and two
The same applies to the ;BCSQ solutions, except for the  water molecules. The packing (Figure 5) can be described in
DMSO bands at 335 and 383 cf whose intensity appears  terms of layers, nearly perpendicular to thexis, that contain
higher in solution than in the pure solvent. These features werecations and planar dianions. The sodium cations exhibit
attributed to two deformations of theS=O group;® whose  octahedral coordination polyhedra sharing two edges, so that
polarity plausibly increases for the molecules interacting with columns of connected octahedra run across the layers. The
the cations. coordination polyhedra are not chemically equivalent because
The spectrum of the paraffin oil mull of @BCSQ (with the Na(1) is surrounded by four water oxygens and two nitrogens
absorbance of the oil subtracted) from 2500 to 400 tmas while Na(2) is bound to two water oxygens and four nitrogens.
attached to that from 402 to 80 cthby software, adjusting It should be noted that the oxygen atoms in the anions are not
the intensity of the latter spectra so that the band at 417 cm  coordinated. Although the four CN groups are equivalent under
had the same intensity as in the former. The combined spectrumthe D,, symmetry of the isolated anion, the vicinal groups are
is shown in Figure 3. The frequencies and intensities of the not equivalent in the crystal. N(2) is coordinated only to Na(2)
main bands observed in the mentioned substances are listed i1f2.433(2) A], and N(1) is coordinated to both cations [N¢1)
Table 3. Na(1) 2.473(2) A, N(1¥Na(2) 2.717(2) A]. The water mol-
Raman Spectra The Raman spectrum of &CSQ powder ecules play an important role in the crystal architecture. They
was measured by means of a Bruker RFS (Raman Fourierare coordinated to the sodium cations fNaH, distances in

absorbance units

no
o

Results and Discussion

15 et

decadic absorbance

"0 155 hp 2000 160D 1200 800 %00 o

Figure 3. IR absorbance spectrum of B£SQ as a paraffin oil mull (oil spectrum subtracted).
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TABLE 3: Experimental Infrared (IR) and Raman (R) Data at Maximum of Bands for the Cesium, Thallium (), and Sodium
Neutral, Anhydrous and Hydrated Salts of the BCS@~ Dianion

IR R
Na,BCSQ Na,BCSQ
CsBCSQ TbBCSQ NaBCSQ 4H,0 4D,0 NaBCSQ CsBCSQ
in DMSO mull in DMSO mull mull mull mull in DMSO powder

freq/ rel freq/ rel freq/ rel freq/ rel freq/ rel freq/ rel freq/ rel freq/ rel freq/ rel
cm?! inteng cm™ inteng cm! inteng cm! intend cm! intend cm! intend cm! inteng cm! inten® cm! inten$

57 16 71 1 62 35 61 16 56 2
80 18 76 34 83 49
90 4 90 20 95 30 93 13 114 26
110 18 111 33 138 32p 150 27
125 4 127 6 130 75 117 23 124 51 122 37 178 9
139 9 225 13 230 18
159 16 162 80 155 27 158 51 157 35 390 52p 401 35
174 3 175 21 174 5 194 89 208 70b 191 50 189 36 465 8 470 2
218 48 213 38 497 6 490 2
258 1 267 6 258 2 263 6 250 20 616 9p 613 7
273 7 274 7 278 24 270 12 267 12 slv 675 9
310 2 305 16 310 5 318 20 316 20 316 sh 781 8p 783
386 30b 991 6p 974 2
470 50b 467 30b 1023 14p 1026 2
568 4 566 19 568 8 566 42 565 45 570 58
611 <1 611 9 610 3 610 20 613 28 621 16 621 7 1102 16 1124 16
616 1 616 3 1228 2
685 2 693 10 686 2 692 29 699 26 702 12 702 25 1229 11 1246 7
723 2 708 3 723 17 722 19 722 11 1382 12p
740 2 738 739 15 1382 12p
792 1 782 4 782 1 782 20 781 6 781 12 781 22 1459 8
855 4 855 9 1545 17p 1543 9
953 2 966 5 957 14 965 9 955 955 6 1750 5p 1765 1
979 967 3 2166 44 2172 100
slv 1067 2 slv 1067 32 2201 100p 2207 98
1150 2 1158 7 1155 2 1157 35 1166 18 1150 10 1150 5
1181 2 1178 30 1180 20
1223 48
1237 2 1251 12 1240 4 1251 48 1254 29 1249 40 1250 39
1293 3 1307
1314 3
1366 90
1383 100 1377 95 1376 98 1376 100 1376 87 1376 79
1401 97
1456 40 1457 94 1455 100 1453 100 1445 99
1462 87
1544 1533 19 1536 10 1522 sh 1532 46 1536 75
1590 57 1593 71 1589 100 1610 35 1596 41 1582 49 1590 98
1620 37
1654 1648 16
1669 44
2170 sh 2185 56 2185 92
2167 20 2178 100 2168 66 2179 54 2190 58 2195 61 2196 99
2180 66 2185 98 2181 62 2194 sh 2223 sh 2208 59 2211 100
2284 11
2427 33
2487 60
2522 53
2597 65
2618 62
3390 43b
35127 50b

aRounded to the next integer. Intensities lower than 1 are not rep&iieferred to parallel polarizatiofiFeature attributed to the presence of
H,0. ¢ Feature attributed to the presence ofDDp means polarized, b broad, sh shoulder, and slv the region obscured by a strong solvent band.

the range 2.3652.438(2) A] and further stabilize the crystal The geometry of the anion is shown in Figure 1; it is strictly
by establishing a network of strong hydrogen bonds. Half the planar (the deviations from the average plane do not exceed
water molecules [O(1w)] participate in two hydrogen bonds, +0.05 A), and the carbonyl groups are placed along a crystal-
connecting the oxygens of the dianions in adjacent sheetslographic 2-fold symmetry axis. The imposed symmetry is
[H(1A)~O(1) 2.06 A, H(1B¥O(2) 2.26(2) AJ; the second half  therefore onlyC,, but due to the planarity, it i€,, within
[O(2w)] participate in one hydrogen bond which connects one experimental errors and would ey if nitrogen and oxygen
oxygen of the dianion [H(2A4)0(2) 2.20(2) A]. The remaining  atoms were not involved in quite different bonding interactions.
hydrogen connects the two sets of inequivalent water moleculesSome deviations from the highest symmetry exhibited by the
to each other [H(2BYO(1w) 2.07(2) A], and therefore all the  anion are worth discussing because they allow insights into its
water hydrogen-bonding potentiality is exploited. Each dianion electronic structure. It should be noted that the different crystal
in the assembly makes six hydrogen bonds through the two force fields experienced by the carbonyl oxygens in the anion
oxygen atoms, four at O(2) and two at O(1). produce measurable effects on the carboxygen distances
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Figure 4. Polarized Raman spectrum of a B&€SQ solution in DMSO. Asterisks indicate solvent bands.
TABLE 4: Geometrical Parameters Computed for BCSG~ A]. The C(ring-C(CN) distance [1.381(3) A] is almost pure
acnd A\llerage Values Observed in the NBCSQ4H:0 double bond. The slight difference in the C(rirg}(ring)
rysta distances, on the other hand, is significant in terms of estimated
computed valués standard deviations and can be related to the previously analyzed
symbol from av expt B3LYP BLYP asymmetries observed in the-© distances. Also the distances
Figure5 value® 631G* 6-311G™ 631G* 6-311G™ in the C-C=N groups show a tendency toward asymmetry
a 1457 1475 1475 1490  1.489 [C(4)-C(5)-N(1) 1.419(3) and 1.143(3) A, C(4C(6)-N(2)
b 1244 1235 1230 1247 1241 1.422(3) and 1.139(3) A]. These deviations from the idealized
c 1.381 1.407  1.404 1.419 1416 Do symmetry are truly small but significantly concerted and
d 1.421 1.422  1.419 1.429  1.426 can be attributed to unbalanced charge accumulation on O(2),
e 1141 1172 1.164 1185 1.177 N(1), and N(1) with respect to O(1), N(2), and N(2 as a
ggg ggg igi-g igi? igi-g 132? consequence of the nonequivalence of their polar interactions
Ocd 1213 1226 1226 1226 1226 discussed above. - _
Ode 179.0 176.6  176.6 176.7  176.7 In conclusion the gross distribution of long and short distances
aBond distances are in angstroms and angles in degréa®rage in the dianion primarily qonforms to the electronic structure
over the values determined in the BESQ4H,0 crystal. depicted by the electronic formula of Chart 1. The minor bond

perturbations give evidence that canonical formulas which
localize the negative charge on the most electronegative atoms
(see Chart 2) play a non-negligible role. The asymmetric bond
interactions in the crystal determine an increased contribution
of this structure (and the equivalent formulas under the
crystallographically impose@,; symmetry), which is responsible

for the observed geometric effect.

In the dianion CDCB (1,2-carbodicyanocyclobutene-3,4-
dioné'), which can be considered the 1,2-analogue of the present
1,3-dianion, the bond length distributions are obviously different.
In the former the C(ring}C(ring) distance between the carbons
bearing the C(CN)groups is the shortest one [1.422(6) A] and
the C(O)>-C(O) separation the longest one [1.475(6) A]. The
two remaining bonds in the ring are 1.456 and 1.472(6) A, and
Figure 5. Crystal packing of NdBBCSQ4H;0, evidencing the layers  the overall mean value is 1.458 A, almost equal to that in the
containing anions and cations a_nd_ the coordination polyhedra aro“"dpresent dianion. On the other hand, the C(rrGICN)
the sodium ions. Dashed lines indicate the hydrogen bonds. interaction [1.380(3) A] has a significant double bond character

ONa(l) ©Na2) N <O

CHART 2 as observed in the trans dianion (see above) and in the
_e tetrasubstituted derivative of the squarate iog{ [YCN).} 4]2~
'<|3‘ [1.394 and 1.381(4) A}
R=c._ PN _C=Ni . 2. Computational Results To compute th.e harmonic force
_Je=c{_ C—¢c _ field for BCS@~, we choose a density functional theory (DFT)
N=C c C=N approachi? DFT-based methods have become more and more
|i|)| popular, during the past decade, as an alternative to traditional

correlated ab initio methods based on Molt®esset theory
[C(1)—0(1) 1.232 A, C(20(2) 1.256(3) A], the longer  (MP2, MP3, or higher) or configuration interaction (Cl). This
distance being that of the oxygen involved in four hydrogen popularity stems in large measure from the computational
bonds. expedience of the DFT methods (which provide the possibility
The C-C bond distances show that the four-membered ring of including electron correlation in the computations of large
is nearly regular and with significant double bond character chemical systems), and the discovery of new and more accurate
[C(1)—C(3) 1.465(3) A, C(2>-C(3) 1.449(3) A, average 1.457 exchange-correlation energy functionals. Recent evidence has
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TABLE 5: Fundamental Vibrational Frequencies Calculated for the BCS@~ Free Dianion and Proposed Assignment of
Observed Bands

calculated by assigned to
B3LYP?2 BLYP® feature observed in
6-311G** 6-31G* 6-311G** 6-31G* IR Raman

vib sym freq/ IR/R freq/ IR/R freq/ IR/R freq/ IR/R freq/ rel freq/ rel
no. spec cm? intens cm?t intens cm? intens cm?t intens cm?t intens  cm?t intens

1 bsy 41 2 41 2 42 3 43 3 n.o.

2 ay 43 44 43 44

3 big 60 <1 61 <1 58 <1 59 <1

4 bay 65 1 64 1 64 1 62 1 90 4

5 bsg 118 5 115 5 118 5 113 4 114 26

6 ay 127 38 125 41 126 38 125 41 138 32p

7 b1y 150 12 148 13 148 10 147 12 125 4

8 bay 163 25 162 30 163 22 163 27 174 3

9 bog 173 <1 172 <1 174 <1 173 <1
10 bsg 216 23 213 23 211 24 208 23 225 13
11 by, 254 1 253 1 248 1 247 1
12 bay, 267 2 265 2 265 3 263 3 258 1
13 b, 286 3 281 3 277 2 273 3 310 2
14 ay 368 49 368 46 363 51 362 47 390 52p
15 bsg 473 10 466 11 464 14 457 15 465 8
16 by 489 7 487 8 479 5 475 6 447 6
17 bog 492 6 487 9 480 5 477 6 497 6
18 by, 493 2 487 2 486 2 479 2
19 ay 505 499 494 479
20 bsy, 611 35 605 45 602 25 594 32 568 4
21 ay 628 2 623 2 621 1 615 <1 616 P
22 by 628 13 623 15 621 9 615 10 610 1
23 bog 643 4 639 6 636 3 627 4
24 ay 648 18 646 18 640 18 638 18 675 9
25 b1y 661 <1 640 <1 640 <1 628 <1
26 b1y 673 41 674 32 666 39 667 32 685 2
27 bsy 792 1 699 <1 781 1 698 <1 792 1
28 b3g 794 1 788 1 781 5 775 2
29 ay 1006 8 1007 6 992 2 994 2 1023 14p
30 bou 1034 13 1077 13 1010 11 1016 10 1067 1
31 bag 1051 131 1061 127 993 79 1004 74
32 b1y 1114 74 1121 66 1086 48 1095 42 1150 2
33 bag 1194 42 1199 42 1171 44 1177 42 1229 11
34 bay 1206 8 1213 7 1187 6 1192 6 1237 2
35 b1y 1348 2419 1363 2383 1332 1603 1345 1558 1383 100
36 ay 1506 8 1516 7 1475 1 1484 1 1545 17p
37 bay 1621 1038 1647 957 1593 851 1621 773 1590 57
38 ay 1744 35 1765 26 1705 15 1726 11 1750 5p
39 bsg 2166 1433 2176 1387 2120 1391 2128 1318 2166 44
40 by, 2166 539 2177 537 2122 486 2129 480 2179 64
41 b1y 2189 1220 2199 1205 2146 1068 2154 1048 2194 sh
42 ay 2206 1165 2216 1065 2161 1269 2170 1149 2201 100p

aScaled by 0.932 (0.965 for frequencies) as one-scale fdcBmaled by 0.98 (0.99 for frequencies); see the Experimental SegtRintensity/
(km mot3), R intensity/(& amu?), rounded to the next integer; sh means observed as shoulder and n.o. not observed.

shown that these new functionals are capable of producing nothybrid Becke three-parameter exchange B3B¥fanctional.
only correct energetics and geometries for organic molecules, The computations employed the two 6-31G* and 6-311G**
but also accurate molecular force fields and vibrational frequen- basis set$® which represent a good compromise between
cies. In particular Handy and co-workéfsPople and co- accuracy and computational expedience. The harmonic vibra-
workers?® and Raghavahari et &l.showed that functionals tional frequencies and spectroscopic intensities were computed
including nonlocal corrections provide significantly better results on the fully optimized geometries of BC$Qby means of the
than the HartreeFock method with similar computational gradient method available in Gaussian 98. A single scaling factor
effort. They also appear to be more reliable than correlated MP2 (different for B3LYP and BLYP, as reported in the Computa-
methods, which, for instance, do not properly describe certain tional Methods) for the frequencies was udédhecause the
vibrations of multiple bonds and some asymmetric vibrations, initial stage of the assignment, the neglect of anharmonicities,
such as the one in ozone. Another important feature of the DFT and the exclusive condensed-state origin of the experimental
approach is represented by a faster convergence with respecfrequencies did not seem to be consistent with the use of
to an improvement of the basis set quality than that observed multiscale factors.
in conventional correlated methods. This is due to the fact that At all computational levels the system was found to be planar
the role of the basis functions is only that of properly describing and characterized by Bz, symmetry. Inspection of Table 4
the occupied molecular orbitals and not the empty correlating shows the following.
orbitals. Thus, smaller basis sets are in general required in DFT. (i) The two functionals provide very similar geometries. Only
In the present paper we used two different nonlocal func- some lengthening of the various bonds is observed on passing
tionals that are usually considered as the most promising onesfrom the hybrid B3LYP to the pure BLYP: for instance, with
in the computations of harmonic force fields: the pure BLYP the 6-31G* basis, the €C bond of the four-membered cycle
functional?? which contains the Becke corrections, and the (parametem) varies from 1.465 to 1.490 A, while the=eD
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(b) and =N (e) bond distances vary from 1.235 and 1.172 to those of the first two are substantially equal in DMSO solution.
1.247 and 1.185 A, respectively. The marginal influence of concentration and of the nature of

(ii) The geometries obtained with the two basis sets are almost the cation (the ionic radius (A) with coordination number 6 in
identical. The only change on passing from the 6-31G* level Crystals is 1.67 for Cs 1.50 for TI", and 1.02 for N&)*
to the 6-311G** level is a slight shortening of the various bond induced us to conclude that the observed solution spectra are
lengths: the most significant, even if very small, is observed due to the little perturbed anion. Unfortunately, such spectra

in the G=N bond, which is 1.172 A at the B3LYP/6-31G* level ~are characterized by extreme differences in the absorbance of
and becomes 1.164 A at the B3LYP/6-311G** level. the observed bands, which makes it easy to observe only a few

strong bands; see Table 3. This drawback was addressed by
using concentrated solutions of the very soluble thallium salt.
S'I-|owever, DMSO is characterized by strong absorptions,
obscuring neighboring BCSQ bands. Thus, we also used as
solvent DDMSO, but some regions remain covered, and it was
necessary to measure the spectra of powdered BCS&)ts in

the form of mulls to reduce the scattering. In these spectra the
absorptions of the mulling agent can be subtracted precisely,
because it does not dissolve the salt.

However, the experimental BCSQgeometry refers to the

(iii) A comparison between the computed values and the
average experimental values, also reported in Table 4, show:
that the DFT (mainly the BLYP functional) overestimates the
C(1)-C(3) @, C(3)-C(4) (c), and C(5)-N(2) (e) bond lengths
while C(1}-0O(1) (b) and C(4)-C(5) (d) are satisfactorily
predicted. Parametegs c, ande are calculated to be about 0.02
and 0.04 A too long at the B3LYP and BLYP levels,
respectively, whileb (experimental value 1.244 A) ranges
between 1.230 (B3LYP/6-311G**) and 1.247 (BLYP/6-31G*)

f"égdAd (experimental value 1.421 A) is in the range 1.419 NaBCSQ4H,0 cry_stal, and we thought it convenient to obtain

' o i o the spectrum of this hydrate to check the amount of change of

3. Vibrational Frequencies of BCS@~. As detailed in the frequencies (or energy) due to the presence of water by
previous section, in the present investigation of the dianion, we comparison with the anhydrous salt. In some regions the
computed frequencies and intensities for the isolated dianion absorptions due to water and BCBQnay be superposed; the
in the double harmonic (mechanic and electric) approximation. comparison with the deuterated analogue;BESQ4D,0
The absence of hydrogen nuclei removes the main source ofprovided a clean way to assess the water absorbances.
anha_rmonicity, but the extended conjugati_on, the relatively large Inspection of Table 3 shows that the solution and powder
amplitude calculated for some nuclear displacements, and thespectra are markedly different only in the region of stretching
overestimation of some internuclear distances (see the Com-iprations involving the &N, C=0, and G-C(ring) bonds, in
putational Results) makes us prepared to see appreciabléygreement with the information provided by the crystal packing.
differences between calculated and observed IR intensities andrhe |atter indicates that the dianions form separate entities,
frequencies. whose nitrogens are coordinated, hence interacting, with the

3.a. Data SelectionSince the theoretical frequencies and cations, oxygen atoms of water, and nitrogen atoms of other
intensities concern the isolated dianion BESQefore compar- dianions, while the oxygens make strong hydrogen bonds with
ing them with the spectroscopic data, we must show how water.
suitable the latter are to such a purpose. To comply with this  The Raman spectra are less problematic. As apparent from
condition, the sample should consist of an ensemble where theTable 3, several bands of the solution spectrum have intensities
dianion is in a situation as near as possible to the free state.that are not very different from the strongest one. Powder spectra
Since our samples are necessarily macroscdpie, must accept  are again required to find possible bands in the regions of strong
at least the perturbations due to the presence of many otheDMSO features. However, all bands remain narrow and with
anions and of the number of cations sufficient to obtain electrical frequency similar to those of the solution spectrum since the
neutrality. No known BCS®& salt has appreciable vapor mean polarizability is less sensitive than the dipole moment to
pressure; thus, such perturbations could be minimized by the molecular environmen.
choosing a bulky and univalent catiéhand examining the salt We must also know with these colored samples whether we
in solution. There, due to the interaction of the dianion also have coincidence or near coincidence of the exciting 1064
with the solvent molecules, the long-range interactions with the line with an excited-state manifold, which could give a
other ions are less strong and regular than in a crystal. lonresonance Raman spectrdhThe vis-UV—near-IR spectrum
pairing?®® may occur, but cations of the type indicated should of Cs;BCSQ in DMSO, Figure 2, showed that this is not the
keep this possibility to a minimum. These considerations indicate case. To reveal possible perturbations of DMSO polarizability
that the best sample is a solution of the cesium (followed by produced by the presence of ions, we measured the spectra of
monovalent thallium) salt, because the even bulkier tetraalky- the pure solvent and of a 11@ solution of Csl, but found no
lammonium cations would add their own, untagged and noticeable difference.
superposing absorptions. The only good solvent we found was 3.b. Actiity of the Fundamental§he molecular dianion
the basic, aprotic DMSO, which preferentially solvates the BCS@~ (C1gN4O227) as a free unit has 42 normal internal
cations. However, it is known that solution spectra may include vibrations; in the connectivity represented in Chart 1, its point
features attributable to the ensemble of cation-solvating mol- symmetry isD2,, and the fundamentals then divide into § A
ecules?” Such bands, analogously to the most intense DMSO (R, p, o), 3 Big (R, dp), 3 Bg (R, dp), 7 Bg (R, dp), 2 A,
bands, cannot be subtracted from the spectrum of the solution,(INS), 7 By, (IR, 2), 7 B, (IR, y), and 5 By, (IR, X) vibrations,
because they are absent in the spectrum of the pure séfvent. where INS, R, and IR mean active in inelastic neutron
Therefore, we determined the IR spectra of different concentra- scattering®? Raman, and infrared, respectively. As usual, p
tions of CsBCSQ in DMSO solution by subtracting from the means polarized, dp depolarizegly, andz are the direction of
spectra of the solution the spectra of an equimolal Csl solution. the electrical dipole transition moments. Mutual exclusion of
The latter turned out to be negligibly different from that of pure R and IR activity holds for this centrosymmetric unit.
DMSO. Further, we found that the IR spectra of the cesium, 3.c. Selection of the Fundamentals. IR AetiThe criteria to
thallium, and sodium salts are different in the solid state, but propose a band observed in the IR solution spectra (Table 3) as
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