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Out-of-center “primary” electronic distortions are inherent to the oxide fluoride anions of the early d° transition
metals. In the [NbOFsJ2~ anion, the Nb>* moves from the center of the octahedron toward the oxide ligand to form
a short Nb=0 bond and long trans Nb—F bond. The combined results of single-crystal X-ray diffraction and electronic
structure calculations indicate that the primary distortion of the [NbOFs]>~ anion is affected by the coordination
environment that is created by the three-dimensional extended structure. The formation of bonds between an
M(L)2* (M = Cd?*, Cu?*; L = 3-aminopyridine, 4-aminopyridine) cation and the oxide and/or trans-fluoride ligands
of the [NbOFs]?~ anion weakens the sz component of the Nb=0 bond. At the same time, hydrogen bond interactions
between the equatorial fluorides and the aminopyridine groups both lengthen the equatorial Nb—F bonds and can
further reduce the symmetry of the [NbOFs]>~ anion. These combined three-dimensional bond network interactions
that serve to lengthen the Nb=0 bond and thereby decrease the primary distortion of the [NbOFs]?~ anion are
illustrated in the structures of three new niobium oxide fluoride phases, [4-apyH];[Cu(4-apy)s(NbOFs),] (4-apy =
4-aminopyridine), Cd(3-apy):NbOFs (3-apy = 3-aminopyridine), and Cu(3-apy).NbOFs, that were synthesized and
characterized using X-ray diffraction. Crystal data for [4-apyH]o[Cu(4-apy)s(NbOFs),]: tetragonal, space group /4/
acd (No. 142), with a = 20.8745(8) A, ¢ = 17.2929(9) A, and Z = 8. Cd(3-apy)sNbOFs: tetragonal, space group
P4, (No. 78), with a = 8.4034(4) A, ¢ = 34.933(3) A, and Z = 4. Cu(3-apy)sNbOFs: monoclinic, space group
P2;/n (No. 14), with a = 8.822(1) A, b = 16.385(3) A, ¢ = 8.902(1) A, B = 109.270(3)°, and Z = 2.

Introduction amount of residual negative charge on each ligand; the most
anionic ligands will preferentially coordinate and thereby
“direct” coordination within the structure. In the [Nbg)F
anion, the oxide anttansfluoride retain the most negative
_charge and, therefore, direct coordination in a trans fashfon.
Alternatively, in [MoQ:F4]2-, the fluorides opposite the oxide
ligands retain the most negative charge, and the anion is a
cis directors8

The cis- or trans-directing properties of different
[MO4Fs—]? anions can be exploited when designing new
materials with specific structure-related properties. Second-
harmonic generation (SHG) nonlinear optical (NLO) materi-
als belong to one such class with a strict structypeperty

Early work with metal oxide-fluoride systems began with
fluoride substitution into solid-state metal oxide phases. The
more ionic nature of the metafluoride bond was shown to
decrease the synthesis, sintering, melting, and Curie tem
peratures of the resulting compourd®ctahedrally coor-
dinated early #ltransition metals with the general formula
[MOFs—4]? (x=1 or 2) are also of interest because of their
distorted octahedral environment. The metal cation at the
center of the oxide fluoride octahedron spontaneously moves
toward either the cornex(= 1) or edge X = 2) occupied
by the oxide ligand(s) to form short#4O bonds. This out-
of-center “primary” distortion is inherent to the oxide fluoride
anions and arises frommd-pr metak-oxide orbital interac- (3) Halasyamani, P.; Willis, M. J.; Heier, K. R.; Stern, C. L.; Poeppelmeier,
tions? For anions of the type [MOJF,_ (M - _Nb’ Ta)’ the (4) Eaﬁsﬁgﬁa%[ygtal\ll?/ﬁlrlssl\fcj%?3:?15(2: ifl;ngant;lqglfi‘.st, P. M.; Wong,
central metal distorts toward the single oxide, and a short G. K.; Poeppelmeier, K. Rnorg. Chem.1996 35, 1367-1371.
apical M=O bond and long trans MF bond are observed (5) Norquist, A. J.; Stern, C. L.; Poeppelmeier, K.IRorg. Chem1999

. R . 38, 3448-3449.
in the crystal structure. This distortion leaves an unequal () Heier, K. R.; Norquist, A. J.; Wilson, C. G.; Ster, C. L.; Poeppelmeier,

K. R. Inorg. Chem.1998 37, 76—80.
* Author to whom correspondence should be addressed. E-mail: krp@ (7) Maggard, P. A.; Stern, C. L.; Poeppelmeier, KJRAmM. Chem. Soc.

northwestern.edu. 2001 123 7742-7743.
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Out-of-Center Distortion in the [NbOFE]2~ Anion

relationship. For a material to be NLO active, it must or vapor occurs, proper treatment procedures should immediately
crystallize in a noncentrosymmetric crystal class, that is, one be followed!-16

that lacks an inversion center. Out-of-center octahedral Materials. CdO (99.9%-%, Aldrich), CuO (99+-%, Aldrich),
distortions, similar to those observed in oxide fluoride anions, Nb20s (99.9%, Aldrich), 3-aminopyridine (99%, Aldrich), 4-ami-
are responsible for the SHG properties of both LiNb&nd nopyridine (98%, AIdrich.), pyridir_]ium poly(hydrogen quoride_)
KTIOPO,X two industrially important solid-state metal [(HF)xPy] (70% HF by weight, Aldrich), and aqueous hydrofluoric
oxides. Thus, oxide fluoride anions themselves are an acid (HF) (49% HF by weight, Fisher) were used as received.

attractive component for the design and synthesis of new Synthe3|s;AII reactf}?nts were sealed in Teflon [f!uoro(ethyleﬂe
SHG active materials. propylene)] “pouches!” The pouches were placed in a Parr pressure

: i ) . ) vessel filled 33% with deionized 4 as backfill. The pressure
To obtain noncentrosymmetric oxide fluoride materials, yessel was heated for 24 h at 18C and cooled to room

certain challenges must be overcome. First, the oxide andtemperature over an additional 24 h. The pouches were opened in
fluoride ligands must crystallize without crystallographic air, and the products were recovered by vacuum filtration.
disorder. Second, the anions must align parallel to each other [4-apyH],[Cu(4-apy)s(NbOFs),]. [4-apyHL[Cu(4-apy)(NbOR);]

so that the polar components can combine in an additive was synthesized by reacting 0.0148 g (1.8640~“ mol) of CuO,
fashion. An ideal structure for a maximum SHG response is 0.0248 g (9.322«< 10°° mol) of Nb,Os, 0.3006 g (3.194x 1073

a linear chain configuration where all the polar groups (the mol) of 4-aminopyridine, 0.1257 g (6.282 10°° mol) of 49%
oxide fluoride anions) are aligned parallel. When [NgPF ~ @dueous HF, and 0.0179 g (9.93310°“ mol) of deionized HO
crystallizes in a linear chain, however, crystallographic in a 250 mL pressure ve_ssel Wlth_ up to six other pouches. Blue
disorder between the oxide angiansfluoride ligands  "needles were recovered in 40% yield based on CuO.
imposes an internal center of symmet#yComplete crystal- Aqueous hydrofluoric acid was used in place of (ki) to avoid

. . . coordination of pyridine to copper. 4-Aminopyridine is more basic
lographic order of the [NbOJ?~ anion has previously been - X
. . . . . Ka = 9.11) than pyridine (a2 = 5.25) and would readil
achieved in chains that are helical in natbifé. (pKa ) by (i ) y

protonate, leaving neutral pyridine to form the [Cu(@¥) cation.

Although many crystal structures of materials that incor- Cd(3-apy)uNbOFs. Cd(3-apy)NbOFs was synthesized by react-
porate oxide fluoride anions are well characterized, important jng 0.0501 g (3.902 104 mol) of CdO, 0.0508 g (1.91% 104

fundamental questions remain about the local order adoptedmol) of Nb,0s, 1.0008 g (1.063< 102 mol) of 3-aminopyridine,
by these compounds. In particular, the crystal structure 0.3985 g (1.513«< 10-2 mol) of (HF)py, and 0.1015 g (5.633
analyses presented here indicate lattice interactions (referred.0~2 mol) of deionized HO in a 2 L pressure vessel with up to 20
to here as “secondary” distortions) can have significant other pouches. Clear, colorless needles of Cd(3:AhQF were
effects on the inherent, or primary, distortions of oxide recovered in low yield with polycrystaline CdFNo other
fluoride anions. To investigate these effects more thoroughly, cTystalline phases were isolated in the composition sp&ct.
electronic structure calculations have been carried out on. nggzggy)“'?;?:;( (13(‘ﬁ"223"))'2?8550""350543;”;he?ilzgc;i’ylgifCt'
experimentally obtained results. The results of these calcula-mgl) o sz(gDs, 6.9940 g (L 056¢ 102 mmol) of 3-gmin0pyridine,
tions provide quantitative support to some of the current

) . 0.0929 g (3.52% 1074 mol) of (HF)+py, and 0.1172 g (6.504
13
hyPOthe,Seg related to.the. structgres of oxide fluoride 103 mol) of deionized HO in a 2 L pressure vessel with up to 20
anions in different coordination environments.

other pouches. Blue needles were recovered in 80% yield based
In this paper, the crystal structures of three new niobium on CuO. No other crystalline phases were isolated in the composi-

oxide fluoride compounds are presented and discussedtion space.

[4-apyHL[Cu(4-apy)(NbOFRs),] (4-apy= 4-aminopyridine) Crystallographic Determination. Single-crystal X-ray diffrac-

is a salt made up of discrete [Cu(4-afibOFs);]?~ tion data were collected with Mo & radiation ¢ = 0.71073 A)

“cluster” units, while both Cd(3-apy)¥bOF; and Cu(3-apy) on a Bruker SMART-1000 CCD diffractometer and integrated with

NbOF; (3-apy= 3-aminopyridine) have a one-dimensional the SAINT-Plus progran’ﬁ The structures were solved by direct

linear chain structure. Cd(3-apibOF; crystallizes in the ~ Methods and refined by full-matrix least-squares technigfués.

noncentrosymmetric, chiral, and polar space grodg and face-indexed absorption correction was performed numerically using

_ ; ; . the program XPREP. The Flack parameter was used to verify the
grlé(jpipzy?rl:lbOFs crystallizes in the centrosymmetric space 0 A anpOR i The shoner bond distance
2/MN.

between the two bridging positions (oxygen andtta@s-fluorine)

was assigned to the NO bond. Models that mix oxygen and
fluorine on these two general positions are, of course, indistinguish-
able. All structures were checked for missing symmetry elements

Experimental Section

Caution. Pyridinium poly(hydrogen fluoride) and hydrofluoric
acid are toxic and corrosive, and must be handled with extreme

caution and the appropriate protective gear! If contact with the liquid (14) Bertolini, J. C.J. Emerg. Med1992 10, 163-168.
(15) Peters, D.; Miethchen, R. Fluorine Chem1996 79, 161-165.

(16) Segal, E. BChem. Health Saf200Q 7, 18—23.

(9) Matthias, B. T.; Remeika, J. IPhys. Re. 1949 76, 1886. (17) Harrison, W. T. A.; Nenoff, T. M.; Gier, T. E.; Stucky, G. Dhorg.

(10) Zumsteg, F. C.; Bierlein, J. D.; Gier, T. &. Appl. Phys1976 47, Chem.1993 32, 2437-2441.

4980-4985. (18) Norquist, A. J.; Heier, K. R.; Stern, C. L.; Poeppelmeier, Kirrg.
(11) Halasyamani, P. S.; Heier, K. R.; Norquist, A. J.; Stern, C. L,; Chem.199§ 37, 6495-6501.

Poeppelmeier, K. Rinorg. Chem.1998 37, 369-371. (19) SAINT-PlusBruker Analytical X-ray Instruments, Inc.: Madison, WI,
(12) Heier, K. R.; Poeppelmeier, K. R. Solid State Chenl997, 133 2000.

576-579. (20) Sheldrick, G. M.SHELXTL, version 5.10; Bruker Analytical X-ray
(13) Du, L.-S.; Schurko, R. W.; Kim, N.; Grey, C. B. Phys. Chem. A Instruments, Inc.: Madison, WI, 1997.

2002 106, 7876-7886. (21) Flack, H. D.Acta Crystallogr., Sect. A983 39, 876-881.
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Figure 1. Thermal ellipsoid plots (showing 50% probability) of (a) [4-apy€u(4-apy}(NbOFs)2], (b) Cd(3-apy)NbOFs, and (c) Cu(3-apyNbOFs.

with PLATON 22 The final refinement includes anisotropic dis- Ezt()géaty)ﬁLyStFiI’IC;?]rgpchlljg?;;;L%ro[gapylz[pu(4-apy)(NbOFs)z],
placement parameters for the non-hydrogen atoms. Hydrogen atoms
were placed in calculated positions<€ = 0.95 A and N-H = [4-apy|-N|]é[OC#(4-apy)4- th(,%‘é’,“;y)“‘ CU,\(I%SEYM'
0.88 A) and were refined using a riding model with isotropic ( 54 ° °
displacement parameters constrained to equal 1.2 times thei\%’m”'a GioH3eCURN1ND,0z - Coot24CARNGNDO . CooH24CuFsNsNDO

8 - L 1038.08 692.78 643.91
equivalent isotropic displacement parameter of the parent atom. Seespace group 14:/acd (No. 142) P4, (No. 78) P2./n (No. 14)
Figure 1 for thermal ellipsoid plots, Table 1 for crystallographic a(ﬁ) 20.8745(8) 8.4034(4) 8.822(1)
; ; . iofi b (A) 20.8745(8) 8.4034(4) 16.385(3)
data, and the Supporting Information for X-ray crystallographic files " 17:2920(9) 34.933(3) 8.902(1)
of each compound. 80) 90 90 109.270(3)
Spectroscopic MeasurementsMlid-infrared (400-4000 cn?) \Z/(A3) ;535-3(6) 42466-9(2) 21214-7(3)
spectrz_a were collected using a Bio-Rad FTS-60 FTIR spectrometer: ¢C) —120(1) —120(1) —120(1)
operating at 2 cm' resolution. (A 0.71069 0.71069 0.71069
Nonlinear Optical Measurements.The powder SHG measure- P (9/?”23 1-2207 1-22?1 o i;g(l) .
ment of Cd(3-apyJ\lbOF5 was performed on a mpdified Ku&z p"bs"a(,gl)c ) 1'2.55(5) 13.95( ) 1;1_16( )
NLO system using 1064 nm light and the previously published Rr()» 0.0339 0.0406 0.0317
method<3 wR2(F)c  0.0807 0.0947 0.0779

. . . Flack —0.02(3
Computational Study. Electronic structure calculations based parameter @)

on the crystallographically determined coordinates for molecular . . b
fragments of the Cd(3-apNIbOFs; linear chain and the [pyEH a,:De/n&,gy mcea;l;ren}entzzbg flog?zt;on (pr g?z?urgetry e R= 3|l
- TR XIFol. CWR2 = [Fw(Fo™ wi :
[Cd(pyu(NbORs)] “cluster™ structures, as well as the uncoordi- cll/21Fo 2o R T
nated, DFT-optimized [NbQf2~ anion?* were all carried out using
(22) Spek, A. LPLATON Utrecht University: Utrecht, The Netherlands the Fenske Hall molecular orbital metho@ A truncated chain unit

2001.
(23) Porter, Y.; Ok, K. M.; Bhuvanesh, N. S. P.; Halasyamani, Zt&m. (24) Welk, M. E.; Norquist, A. J.; Arnold, F. P.; Stern, C. L.; Poeppelmeier,
Mater. 2001, 13, 1910-1915. K. R. Inorg. Chem2002 41, 5119-5125.
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Table 2. Selected Bond Lengths (A) and Bond Valence St each subsequent layer is rotated by.9The [4-apyHT
[NbOFsJ" cations lie in theac andbc planes around the;%crew axis.
bond R, A S Vi—-§ bond A See Figure 2a.
[4-apy]o[Cu(4-apy)s(NDOFs),] Cu(3-apy)sNbOFs All five fluorides of the [NbOF]?~ anion hydrogen bond
b=01 1.730(3) 1.63 037 NbF1/Olx2 1.919(1) _ami idine ri ) N
Nb—F1. 2118(2) 045 055 NbF2x2 1.940(1) to4 aminopyridine rings of the [Cu(4-ap§A' or [4 apyH]*.
Nb—F2x 2 1.945(2) 072 028 NBF3x 2 1.942(1) cations. Theransfluoride, F1, hydrogen bonds to the amino
Nb—F3x 2 1.950(2) 0.71  0.29 group of two [4-apyH] cations atd(N4—H---F1) = 2.752
ZSw 494 gllf:l'ililglzx 2 gggig; A x 2. The amino group from a 4-aminopyridine ring of a
Cu-01x 2  2.402(3) CN3 x 2 2.027(1) neighboring cluster and the acidic proton of a [4-apyH]
Cu-N1x 4 2.030(2) cation both hydrogen bond to F2@N2—H-:-F2) = 2.928
Cd(3-apyuNbOFs A andd(N3—H:---F2) = 2.778 A, respectively, while F3 is
'?'\l%:?i igé‘;g; 8-?3 (1)-2% bound to one amino group of a neighboring clusted(hR—
NB—F3 1.913&4; 078 022 The infrared spectrum shows a characteristic band for
Nb—F4  1.931(4) 075 025 2- —0) — 1 iti
Nb-F5  1905(4) 080 020 [NbOFs]?~ at v¢(Nb=0) = 916 cnr!. Additional bands at
S 4.83 3444, 3356, 1652, 1619, 1519, 1213, and 1020 care
Cd-01  2.2783) indicative of 4-aminopyridine cogrdmat.ed to (?opﬁ?er. .
Cd-F1  2.288(3) Cd(3-apyuNbOFs. The one-dimensional linear chain
Cd-N1  2.328(4) structure of Cd(3-apylNbOF; is comprised of alternating
gg:mg g:ggggg [NbOFRs])?~ anions and Cd(3-apy)" cations. See Figure 3a.
Cd—N7  2.329(4) The d° C#* forms four equatorial bonds to the “soft”

aBond valence calculated with the program Bond Valence Calculator 3-aminopyridine rings at distances of €N1 = 2.328(4)
version 2.00, Hormillosa, C., Healy, S., Stephen, T. McMaster University, A, Cd—N3 = 2.335(4) A, Cd-N5 = 2.338(4) A, and Ce

19;93.bSValencle sumsf %alczlatego with the form(t;la:gxp[(Ro —hFi)t/)B],d § N7 = 2.329(4) A. The axial positions of the cation are

whereS§ = valence of bondi”, = constant epen ent on the bonde H H H H H

elementsR = bond length of bondi*, and B = 0.370. 5Sw = bond occupied by a bndglng oxide and _flupndg at 2.278(3) and
valence sum for the metaV; = oxidation state for each ligant; — § = 2.288(3) A, respectively. These bridging ligands also make
calculated charge of the liganBy(Nb=0) = 1.911,Ry(Nb—F) = 1.822. a “short” Nb=0 and “long” trans Nb-F bond to N5 at

o _ o Nb=01 = 1.914(3) A and Nb-F1 = 1.937(3) A. Four
consisting of three [NbOf*” anions alternating with two [Cd(3-  equatorial fluoride ligands complete the coordination sphere
apy)]?" cations served as a model for Cd(3-appOFs, while around NB* at lengths of Nb-F2 = 1.914(4) A Nb-F3=

the [pyHL[Cd(pyu(NbOFs),] cluster was modeled by a single 1.913(4) A Nb-F4 = 1.931(4) A and Nb-F5 = 1.905(4
[NDOFI[C(py)JINDOFe]® " unit. See Supporting Information for 3 Boiuj Ie'ngths are listed i(n)tat;ular format in T.able( 2) In

atomic coordinates. Atomic charges and overlap populations were . - . . .

calculated via Mulliken population analys&g’ each chain, the [NbQF?~ anions are oriented in a polar
All atomic basis functions were obtained by a best fit to fashion; this results in linear chains that have a net dipole

Herman-Skillman atomic calculatio®d using the method of moment. The chains are aligned parallel to each other in the

Bursten, Jensen, and Fengk&he 5s and 5p functions were given ~ ab plane. A 4-screw axis rotates the sheet by’ @¥eryc/4.

exponents of 2.2 for Nb and Cd. Valence 2p functions for C, N, O, See Figure 4a.

and F were retained as doulddunctions, while all other functions Three of the four [NbOF?~ equatorial fluorides, F2, F3,
were reduced to singlé-functions. Hydrogen was assigned an gng F4, hydrogen bond with an amino group from surround-
exponent of 1.2. ing 3-aminopyridine rings. F2 forms two hydrogen bonds,

one atd(N2—H:-+-F2) = 2.917 A to a ring on a chain in the
same sheet and om¢N4—H---F2) = 3.088 Ato aring in a
[4-apyH]2[Cu(4-apy)s(NbOFs)]. [4-apyHB[Cu(4-apy)- neighboring sheet, as shown in Figure 4b. F3 accepts a
(NbOFs)z] iS Composed Of a Central CU(4'&W) Cation W|th hydrogen from a Chain in an adjacent Shé@uG_H...F3)
four short equatorial CuN bonds at 2.030(2) A« 4. Cu- = 2.942 A. F4 hydrogen bonds to a chain in the same sheet
(4-apy)** is coordinated to two [NbOP~ anions through gt d(N8—H-+-F4) = 3.080 A and a chain in an adjacent sheet
long axial Cu-O bonds of 2.402(3) A to complete the (Ng—H-:-F4)= 3.167 A. The fourth fluoride, F5, does not
anionic “cluster” [Cu(4-ap)éINbOF5)2]2* Selected bond participate in hydrogen bonding_
lengths are listed in Table 2. For each cluster, there are tWo  The infrared spectrum of Cd(3-apibOFs confirms the
[4-apyH]' cations that serve both as charge balance and aSpresence of the [NbQJ2~ anion with a strong peak observed
hydrogen bond donors. The clusters of [Cu(4-a¥HOFs)2] 2~ at v{(Nb=0) = 890 cnT13.32 Additional peaks at 3456,
pack end-to-end in a zigzag arrangement inabelanes; 3371, 1625, 1490, and 1445 chare characteristic of
3-aminopyridine coordinated to cadmiuh.

Results

(25) Hall, M. B.; Fenske, R. Anorg. Chem.1972 11, 768-775.
(26) Mulliken, R. S.J. Chem. Phys1955 23, 1833-1840.

(27) Mulliken, R. S.J. Chem. Phys1955 23, 1841-1846. (30) Akyuz, S.J. Mol. Struct.1999 482-483 171-174.
(28) Herman, F.; Skillman, SAtomic Structure CalculationsPrentice (31) Keller, O. J., Jrlnorg. Chem.1963 2, 783-787.

Hall: Englewood Cliffs, NJ, 1963. (32) Pausewang, G.; Schmitt, R.; Dehnicke ZKAnorg. Allg. Chem1974
(29) Bursten, B. E.; Jensen, J. R.; Fenske, Rl.FEhem. Physl978 68, 408 1-8.

3320-3321. (33) Akyuz, S.J. Mol. Struct.1998 449, 23—27.
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b

Figure 2. (a) Three-dimensional packing of [4-apyfGu(4-apy)(NbOFs),]. Blue polyhedra represent [Nb@JE-, and yellow polyhedra represent Cu-
(4-apy)?* and (b) the hydrogen bond environment around the [NfOFanion. N1 is the ring nitrogen and N2 is the amino group nitrogen of the coordinated
4-aminopyridine rings of Cu(4-ap?)". N3 is the ring nitrogen and N4 is the amino group nitrogen of [4-apyiRing hydrogens have been removed for
clarity.

at No—F2 = 1.940(1) Ax 2 and Nb-F3 = 1.942(1) Ax
2. Selected bond lengths are given in Table 2.

Hydrogen bonding occurs between all four equatorial
fluorides of the [NbOE]?~ anion and an amino group from
a Cu(3-apyy* cation in four surrounding linear chains. As
shown in Figure 5b, two of these cations are in the salme
plane as the anion and are trans to each other a(\2—
H--F2) = 3.089 A x 2. The other two cations are located
in the sheet below and another in the sheet above the anion
at d(N4—H---F3) = 3.133 A x 2.

The infrared spectrum shows a characteristic band for
[NbOR)?~ at v(Nb=0) = 891 cm! and bands at 3414,
3327, 1619, 1490, and 1446 chnthat correspond to
3-aminopyridine rings coordinated to copgér.

Calculations. Rather than carrying out full solid-state band
structure calculations, discrete molecular fragments of the
oxide fluoride compounds have served as models in the
computational studies presented here. This approximation is
similar to the finite-cluster approximation that is frequently
made in computational studies of adsorbate-covered sur-
faces?43°*Models for the linear chain compounds consisted
of five octahedra (three anions alternated with two cations).

Figure 3. Linear chains of (a) Cd(3-apybOFs and (b) Cu(3-apy) At this size, the effects of chain termination are less

NbOFs. significant than on smaller models, yet the chain is still short
enough to keep the number of basis functions tractable.

Cu(3-apyuNbOFs. When Cd" is replaced by Cif, the Another approximation made in these computational

resulting Cu(3-apyNbOFs compound crystallizes with  studies was the use of the Fensikéall (FH) method® for
similar one-dimensional linear chains, as shown in Figure characterizations of the bonding and electronic structure of
3b. Unlike Cd(3-apyNbOFs, however, all the chains of Cu-  the oxide fluoride molecular fragments. The FH method is
(3-apyXNbOFs align parallel to thec axis. See Figure 5a.  a self-consistent, approximate Hartréeock method. Owing
The & Jahn-Teller distorted Cu(3-apy)" cation exhibitsa  to the inherent approximations made by the FH approach
tetragonal elongation, with four short equatorial bonds madethat do not allow for the evaluation of total energies,
to 3-aminopyridine rings at GeN1 = 2.034(2) Ax 2 and geometry optimization is not possible with this methEite
Cu—N3 = 2.027(2) Ax 2. The location of C& and N+
on inversion centers requires two identical bridging axial (34) Johnson, B. F. G.; Gallup, M.; Roberts, Y. ¥.Mol. Catal. 1994

L. L. " S 86, 51-69.
positions. Occupancy of the bridging positions is fixed at (35) Koper, M. T. M.; Van Santen, R. A.; Neurock, M. Theory and
0.5 O and 0.5 F, with an averaged -€0/F bond distance Modeling of Catalytic and Electrocatalytic ReactionsClatalysis and
: Electrocatalysis at Nanoparticle Surfacéfieckowski, A., Savinova,
of 2.53 A and an averaged NIO/F bond distance of E. R., Vayenas, C. G., Eds.; Marcel Dekker: New York, 2003; pp

1.919(1) A. The four equatorial fluoride bonds are observed 1-34.
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Figure 4. (a) Three-dimensional packing of Cd(3-agypOFs. Blue polyhedra represent [Nb@F and orange polyhedra represent Cd(3-ayand (b)
the asymmetric hydrogen bond environment around the [NJFORnion. Ring hydrogens have been removed for clarity.

functions that are represented as linear combinations of
atomic orbitals (LCAOSs). Despite the simplicity of Mulliken
analyses, they provide a sufficient level of accuracy in
describing general trends exhibited by the closely related
structures compared below.

Discussion

The primary distortion within the [NbQJ?~ anion results
in a Nb=O bond that is both stronger and more covalent
than the bond between the Niand the more electronegative
F~ anions. Weaker “secondary” distortions arise from
interactions between the extended three-dimensional bond
network and the equatorial fluorides on [Nb{¥.2* The
oxide andtransfluoride sites must be ordered within the
crystal structure for both types of distortions to be observed.
Furthermore, a secondary distortion of the anion can be
observed when bond network interactions occur asymmetri-
cally. Bond valence calculatioffs$” can be used to help
analyze the coordination effects to the [Nbf¥F anion. In
general, the [NbO&?>~ anion obeys the valence sum rule,
and the total valence on niobium sums té However, as
the asymmetry and number of bond network interactions
increase, the valence on niobium deviates from that value.
An asymmetrically distorted anion is indicated by an atomic
valence on niobium that is significantly less than 5.

Cluster Compounds. The “cluster” compounds share a
similar 2:1 anion to cation composition. These salts are
FiﬁfurqedS- @ ThreeN-gimgnsiznalupackiTgh Odf CU(3-aWb%F5.3Blue composed of a central Cu(y (L = pyridine, 4-apy) cation
.1 (g) i éesr’;ﬁfgzttr[l o h%rozgnytfo%v gﬁvfroinzaegi‘gfjfﬁé t#é [@gg: and two axially coordinated oxide fluoride anions that form
anion. Ring hydrogens have been removed for clarity. an overall negatively charged discrete unit. The [Lkétions

both balance the charge and provide an acidic proton for
results of FH calculations, however, provide a reliable and hydrogen bonding. The oxide of the [Nbg# anion
detailed description of the bonding environment of any atom preferentially binds to M(L§", while a hydrogen bond is
in the molecular fragment. Also, use of the FH method made between the acidic proton of [LHhnd thetrans
generated results for the large systems discussed below withirfluoride ligand. A primary distortion is observed in the
a reasonable amount of computational time and resourcescrystallographically ordered anion with a short==b bond,

Finally, although there are many different methods used long trans Nb-F bond, and bond angles that deviate from
in the assignation of electronic populations and charges in perfectO, symmetry.
computational studies, the systems described in this paper

are compared using Mulliken population analy&&<In this (36) g?wn, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244~
methodoilogy, _electron'lc. charges are gs&gned according t0(37) Brese, N. E.. O'Keeffe, MActa Crystallogr., Sect. B991, 47, 192—
the atomic orbital coefficients of normalized molecular wave 197.
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Table 3. Selected Bond Lengths and Bond Valence Calculations of [NFOF

bond R, A S Vi—§ bond R, A S Vi—§
[pyH] 2[Cu(py) 4(NbOFs)2] [HNC 6HeOH] 2[Cu(py) 4(NbOFs)]
Nb=01 1.728(8) 1.64 0.36 NbBO1 1.763(1) 1.49 0.51
Nb—F1 x 2 1.937(6) 0.73 0.27 NbF1 1.936(1) 0.74 0.26
Nb—F2 x 2 1.927(5) 0.75 0.25 NbF2 1.912(1) 0.78 0.22
Nb—F3 2.099(8) 0.47 0.53 NbF3 1.924(1) 0.76 0.24
2S\b 5.07 Nb-F4 1.981(1) 0.65 0.35
Nb—F5 2.098(1) 0.47 0.53
Cu-01x 2 2.417(9) Suo 4.89
Cu—O1x 2 2.307(2)
[pyH] 2[Cd(py)4(NbOFs)2] Cu(dpa)2NbOFs-2H,0
Nb=01 1.750(6) 1.55 0.45 NbO1 1.760(1) 1.50 0.50
Nb—F1 x 2 1.932(3) 0.74 0.26 NbF1 1.953(1) 0.70 0.30
Nb—F2 x 2 1.936(3) 0.74 0.26 NbF2 1.923(1) 0.76 0.24
Nb—F3 2.095(4) 0.48 0.52 NbF3 1.928(1) 0.75 0.25
S 4.99 Nb-F4 1.928(1) 0.75 0.25
Nb—F5 2.072(1) 0.51 0.49
Cd-01x 2 2.333(6) PIASNY 4.97

A comparison between [4-apyHCu(4-apy)(NbOFs);]
and two previously published cluster compounds, [pyH]
[Cu(pyu(NbOFRs),]* and [HNGHOH]o[Cu(pyu(NbOFs)],*
shows how bond network interactions affect the distortion
of the [NbOR]?>~ anion. See Table 3 and the Supporting
Information. In [pyH}[Cu(pyu(NbOFR),], the [NbOR]?~
anions form long bonds of 2.417(9) A from the oxide to
copper. The corresponding Ri® bond is short at 1.728(8)
A, and strong, as indicated by the high#0 bond valence
value. The trans NbF bond is long and has a low valence,
while the equatorial NbF bonds are of medium length at

OH][Cu(pyu(NbOFs);] have a lower bond valence than in
the other two clusters. The valence on niobium remains
below 5.

Asymmetrical bond network interactions with the [Nof3F
anion determine the direction of the distortiblvhen all
four equatorial fluorides form symmetrical hydrogen bonds
as in [4-apyH}[Cu(4-apy)}(NbOF),], a secondary distortion
is unobservable. The asymmetrical contacts to the oxide and
trans-fluoride, namely the Ct¢O bond and the hydrogen
bond to fluoride, are the two directional components that
affect the distortion of the anion. These contacts are collinear

1937(6) and 1927(5) A, reSUlting in an atomic valence near with the primary distortion. In [HNGHGOH]z[CU(py)AL'

5 on niobium.

The cluster compound [4-apyHiCu(4-apy)(NbOFs),] has
Cu—0 and NB=0O bond lengths similar to those of [pyH]
[Cu(pyu(NbOFs),]. Replacement of pyridine with 4-ami-
nopyridine lowers the acidity of the [LH] proton by

(NbOFs);], however, a hydrogen bond is made to only one
of four equatorial fluorides. Thus, there are three directional
components to the distortion: the €0 bond, thetrans
fluoride hydrogen bond, and the equatorial fluoride
hydrogen bond. This secondary distortion is accompanied

donating electron density into the ring and makes the amino by a decrease in symmetry of the [Nb§F anion? The

hydrogens more accessible for participation in hydrogen
bonding. Consequently, in [4-apy#iCu(4-apy)(NbOFs),],
the hydrogen bond made to theansfluoride is from an

amino group, unlike the other clusters. The increase of

hydrogen bond donors in this cluster allows all four equato-

symmetry of the anion is defined as the approximate
symmetry of a [NbOF?~ unit in the structure and not the
actual crystallographic site symme#fty.

The single hydrogen bond made to the equatorial fluoride,
F4, in [HNGHsOH][Cu(pyl(NbOFRs),] interferes with the

rial fluorides to participate in hydrogen bonding. In general, primary distortion of the anion. This secondary distortion
hydrogen bonds have been shown to both weaken andiengihens the NisO bond by adding an additional directional
lengthen the bond made by the acceptor (an equatorialcomponent to the distortion. The KD bond distance of

fluoride) to the atoms in its primary coordination sphere
(Nb>").28 The equatorial fluoride bonds to Ribin [4-apyH}-
[Cu(4-apy)(NbOFR;);] are lengthened to 1.945(2) and 1.950(2)
A, which lowers the overall valence on niobium to slightly
below 5. The [NbOE?" anion forms the shortest bond to
copper in [HNGHgOH][Cu(pyu(NbOFs),] where the Cu-O
bond is 2.307(3) A in length. The corresponding=\b bond
length is longer than the previous example at 1.763(1) A.
Only one of the four equatorial fluorides on each [NR3F
anion participates in hydrogen bonding; this results in a long

Nb—F bond at 1.981(1) A and an observable secondary

distortion. The Nb&=O and trans Nb-F bonds in [HNGHe-

(38) Desiraju, G. R.; Steiner, Tthe Weak Hydrogen Bond in Structural
Chemistry and BiologyOxford University Press: New York, 1999;
Vol. 9.
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1.763(1) A in [HNGHsOH][Cu(pyu(NbOFRs);] is longer
than that in [4-apyH]Cu(4-apy)(NbOFs),], where a second-
ary distortion is undetectable. The secondary distortion
decreases the symmetry of the [Nb{FF anion from
approximatelyC,, in [pyH][Cu(pyu(NbOFs);] to C; by
decreasing the predictedO1-Nb—F5 bond angle from
180 to 177.7(1), with the apex of the angle directed toward
F4. This symmetry-breaking effect is also observed in the
helical chain compound Cu(dpilbOFRs-2H,0 (dpa= dipyr-
idylamine)® See Supporting Information. In Cu(dpspOFRs
2H,0, hydrogen bonds are made to both trensfluoride
and one equatorial fluoride, which lengthens the equatorial
Nb—F1 bond to 1.953(1) A (compared to the other equatorial
Nb—F bond distances of 1.928(1) & 2 and 1.923(1) A)
and lowers the symmetry of the [Nbg)F anion toC;. As



Out-of-Center Distortion in the [NbOFE]2~ Anion

in the cluster compounds, the oxide of [Nb4F in
Cu(dpa)NbOFRs-2H,0 occupies a bridging position between
niobium and copper; the NbO bond length is 1.760(1) A
with a bond valence of 1.50. The bond angle between the
oxide and transfluoride is 0O1-Nb—F5 = 178.9(1}
directed toward F1, in contrast to the oxide arsohs-fluoride
bond angles in both [pyHICu(py(NbOFs;),] and [4-apyH}-
[Cu(4-apy)}(NbOFs),], which are both symmetry fixed at
180°.

Linear Chain Structure of Cd(3-apy)sNbOFs. Owing
to the trans-coordinating nature of the [Nb@F~ anion,
linear chains that incorporate [Nbg}F can exhibit two
different “patterns” of local ordering. In the first pattern,
which is optimal for the targeted synthesis of noncentrosym-
metric polar materials, the [NbGQF~ groups are all aligned
in the same manner as shown in Figure 2a for Cd(3-
apyyNbOFRs. As a result, linear chains with this local ordering

Table 4. Average Calculated Mulliken Charge®r Uncoordinated
[NbOFRs]2~ with DFT-Optimized Coordinates, [pyb[ICd(pyu(NbOFs)2],
and Cd(3-apyNbOFRs

[NbOFs]?~  [pyH]2[Cd(py)4(NbOFs)s]  Cd(3-apy)sNbOFs
(@] —0.842 —-0.916 —0.920
F-trans —0.666 —0.637 —0.557
F-equat —0.580 —0.545 —0.537
Nb +1.826 +1.874 +1.808
Cd +0.980 +0.883

a2 SCF convergence limit= 0.001.

lengthened, but the extensive hydrogen bond network that
surrounds the anion reduces the symmetry of [N§ORo

C:. Overall, the movement of Nib out of the plane defined

by the four equatorial fluorides of the [NbG]F anion (i.e.,

the primary distortion) is small in the Cd(3-apMpOF;
linear chain compound with out-of-plane angles[df2—
Nb—F4 = 178.7(1y and OF3—Nb—F5 = 178.1(2) com-

possess a net dipole moment since the dipoles from individualpared to 169.3(2)and 166.7(2)in [pyH][Cd(pyu(NbOFs),].

[NbOF;]?~ units combine in an additive manner. A second
option for local ordering involves chains in which the dipole
from one [NbOK]?~ anion is canceled by the dipole of
another anion bonded to the same?Cd his configuration
would result in two crystallographically distinct €dsites,
one that is bonded to the oxides of two [Nb{¥F anions
(similar to the local bonding environment of the®ion in
the [pyHL[Cu(pyu(NbOFs),] cluster shown in Supporting
Information) and one that is bonded to twans-fluorides.
Finally, linear chains can also be crystallographically dis-
ordered in the oxidé&fansfluoride sites. Compounds with
this ligand disorder are also nonpolar.

The Cd(3-apyyNbOFs chain is a rare example of a linear
chain compound that is composed of crystallographically
ordered [NbOE]?>~ anions. This ordering can be attributed
to an extensive bond network that affects five of the six
ligands coordinated to Nih. The equatorial fluorides of the
[NbOF:]?~ anion in Cd(3-apyNbOF; participate in more
interactions with the hydrogen bond network than in either
[HNCesHsOH]2[Cu(pyu(NbOFs)z] or Cu(dpai)NbOFs:2H,0.
See Figures 4b and Supporting Information. Additionally,
each [NbOE]?~ anion in Cd(3-apyNbOFs forms bonds to
Cd?* through both the oxide analansfluoride.

A comparison of the Cd(3-apNbOF; chain structure to
the cadmium analogteof the [pyHL[Cu(py)(NbOR;)]
cluster is particularly useful when trying to understand the
effects of Cd" coordination to both the oxide artcans
fluoride in [NbOR]?". In [pyH]J[Cd(pyu(NbOFs),], the
Cd—0 bond is 2.333(6) A; this distance is slightly shorter
at 2.278(3) A in Cd(3-apyNbOFs, indicating a stronger
Cd—0 bond. At the same time, bond valence calculations
shown in Tables 2 and 3 indicate that the=ND bond is
less covalent in the linear chain compound than that in the
[pyH]2[Cd(pyu(NbOFs),] cluster. This comparison of the
relative bond strength in clusters versus chains will be
examined in further detail below. In chains of Cd(3-
apyuNbOFs, the transfluoride appears to compensate for
the low bond valence of the R0 bond by forming a shorter
and stronger bond with the Ribthan it does in the cluster.
Additionally, the equatorial fluorides are not significantly

Electronic Structure of [NbOFs]?". In an earlier papet
the results of geometry optimizations on an uncoordinated
[NbOFRs)?~ anion using density functional theory were
reported. One of the main advantages of studying uncoor-
dinated [NbOFE]?~ is that it allows for analysis of the primary
out-of-center octahedral distortion of the [Nb§F anion
without interference from extended lattice interactions that
can induce a secondary distortion. Furthermore, an analysis
of the bonding and calculated atomic charges of the idealized
[NbOFRs)?~ unit is effective for characterizations of the
electronic structure and bonding in related compounds. In
this section, a brief analysis of the electronic structure of
the idealized [NbO#E?~ anion is presented. This is then used
to indicate how the localized NBO and Nb-F bonding
differs within [pyHL[Cd(pyu(NbOFs).] clusters and Cd(3-
apyxNbOF; chains.

A calculated energy level diagram for an uncoordinated
[NbOFRs)?~ anion with idealized geometry is shown in the
Supporting Information. This diagram indicates that the
highest occupied molecular orbitals (i.e., the frontier orbitals)
for the idealized [NbOF?~ anion are composed primarily
of the two O 2p orbitals that are oriented ferbonds with
the Nb atom. At the same time, the calculated Mulliken
charges listed in Table 4 indicate that the oxide is the most
negatively charged ligand, followed by theansfluoride.
Together, these two factors suggest that the [NfOFRnion
is most likely to coordinate through the oxide ligand. The
trans-fluoride ligand, which contributes strongly to the next
highest group of occupied molecular orbitals in [NoBF,
is also a likely site for coordination to a positively charged
species. These results are in agreement with previous
analyses of [NbO#?~ that characterize the anion ians
coordinating through the oxide atiéins-fluoride ligands on
the basis of the overall negative charge distribufiéh.

The relative covalent strengths of the NB and NB=O
bonds in [NbOE]?~ can be quantitatively compared by
examining calculated bond overlap populations. Bond overlap
populations are a measure of the strength of covalent
interactions between two atoms; larger overlap populations
correspond to more strongly covalent bodti$he overlap
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il’atk;)le 5.2 Overlap PoEuDI?:t_iI?gsfor Selzctgd Bdonds in lﬁ]ncoordinated o and n Contributions to Nb=0
NbOFs)?~ Anions witl -Optimized Coordinates, the nd Nb-F ns) Bon
[pyH]2[Cd(py)l(NbOFs);] Cluster Compound, and Linear Chains of and Nb (tm S) onds
Cd(3-apy)NbOFs 1.0
[NbOFs]*~ [pyH]2[Cd(py)4(NbOFs)2] Cd(3-apy)sNbOFs
Nb—O 0.940 0.863 0.783 08 L Nb-O -
Nb—0(0) 0.420 0.399 0.402 ' —*— (iota)
Nb—O(n) 0.520 0.463 0.380 .
Nb—F (trans)  0.317 0.347 0.390 2
Nb—F(0) 0.235 0.257 0.273 206 7
Nb—F() 0.081 0.090 0.117 é%
Nb—F (equat) 0.407 0.455 0.463 E- —s— Nb-Oc
Cd-0 0.117 0.153 g 04r & —NZP
Cd-0(0) 0.129 0.167 o JRR o fotal)
Cd_O(JT) —-0.012 —0.014 et [“YTTTCITIELLEY m ---®- Nb-Fo
Cd-F 0.058 02 .
Cd—F(0) 0.066 )
Cd-F(x) ~0.008 . . ¢ e NoF
a2 SCF convergence limit 0.001. 00
(a) (b) ©
anion cluster chain

populations for [NbOF? listed in Table 5 indicate that the ! ) )
Nb=0 bond is stronger than the bonds between the"ND e,  COTPATEon of e, elave N0 and tans NoF bord
and the equatorial fluorides, which are, in turn, stronger than andz contributions to each, in (a) uncoordinated [NefF, (b) the [pyH}-
the trans Nb-F bond. At first, this observation that the oxide [CA(PYkNDOR);] cluster compound, and (c) linear chains of Cd(3-
ligand forms the most covalent bond with the centraPNb apyyNBOFs.
ion seems contradictory with the results mentioned earlier in bridging covalent bonding. The simultaneous increase in
that designate the oxide as the most negative ligand in theNb=0 bond length and decrease in transNfobond length
anion; however, an oxygen atom can accept up to two that is observed experimentally in linear chains relative to
electrons from a less electronegative species, whereasluster compounds indicates that, as the number of covalent
fluorine can only accept one. Thus, even though oxide carriesbond contacts made by the [Nb€/# group increases, the
a greater negative charge than the fluoride ligands in magnitude of the primary distortion decreases. Results of
uncoordinated [NbO§F?~, this charge represents a smaller the calculations presented here support this observation and
fraction of the maximum possible charge that can be localized reveal that different coordination environments have a
on an oxygen atom. significant effect on the local bonding within the [Nbg#+

In addition to comparisons of overall covalent bond anion.
strength, overlap populations can provide quantitative infor-  To form the [pyHLCd(pyu(NbOFs),] cluster compound,
mation about the ands contributions to a particular bond.  the oxide ligands on two [NbQF~ anions must form bonds
When the [NbOE]?~ anion is aligned to a regular Cartesian with a Cd#* cation. In chains of Cd(3-apyNbOFs;, both the
coordinate system in the same manner as that of our energyxide and thearansfluoride ligands of a single [NbQZ~
level diagram, the O anttans¥+ 2s and 2porbitals are unit form bonds to a Cd cation. The bond overlap
oriented foro-only interactions with Nb orbitals, while the  populations given in Table 5 indicate that this-€@d/Cd—F
2p. and 2p orbitals formz bonds with the niobium. The  bond formation occurs directly at the expense of the=igb
amount ofo or = character in a metaligand bond can be  bonding within the compound. Of the four compounds listed
assessed by tabulating the individual valenegbital overlap in Table 5, the highest NBO bond overlap population occurs
populations between the two atoms. The data in Table 5in the uncoordinated DFT geometry optimized [Nk3F
show, as expected, that interactions make a significant anion, followed by the [pyH]Cd(pyu(NbOFs),] cluster. The
contribution to the overall strength of the & bond. In linear chain compounds, which have higher-@a bond
contrast, the more electronegatitrans-fluoride forms a overlap populations than the cluster, exhibit the most
weaker bond to the N that is primarily o bonding in weakened N&O bonding.
nature. A graphical description of the changes in¥60 and trans

Lattice Effects on the Electronic Structure of [NbOFs)?". Nb—F bond strength within [NbOJ?~ units is shown in
In this section, the ways in which the electronic structure of Figure 6. This figure shows that, as the coordination number
the idealized [NbOF?~ anion changes as it is incorporated of the [NbOF]?~ anion increases (from a to c in Figure 6),
into different crystal structures are analyzed. For example, the steady weakening of the KD interaction is due almost
in the [pyHL[Cd(pyu(NbORs),] cluster referred to earlier, solely to a loss ofr bonding. This finding is particularly
the [NbOFR]?>~ groups are coordinated through the oxide significant since, as stated earlier, the primary octahedral
ligands to a late transition metal cation and participate in distortion of [NbOFE]?™ is typically attributed to d—px
hydrogen bonding with [pyH] units through the fluoride  bonding interactions between the metal center and the oxide
ligands. In linear chain compounds such as Cd(34b0Fs;, ligand? The loss of NE=O s bonding is consistent with the
however, both the oxide arnichnsfluoride ligands participate  decrease in observed primary distortion of the [Ng®F
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octahedra when an uncoordinated anion is compared to
anions in a cluster and within a linear chain. The=AD
stretching frequencies in the infrared spectrum show a

parallel trend as the double bond character decreases; the

short N=O bond in [4-apyH][Cu(4-apy}(NbOFs),] shows
up at 916 cm?, while the longer bond in Cd(3-apyybOFs
appears at 890 cm.

The Lewis acid/base adduct KiibFs),SO° is an excel-
lent example where the coordination of the niobium atom is
completed by one long oxygen bond contact from the sulfate
ion. As a result, the NbO bond distance is 2.059(13) A,
significantly longer than it is in any of the examples where
an out-of-center distortion of a [Nb@F~ anion is observed.
Correspondingly, the five NbF bonds are short, in the range
of 1.835-1.899 A, maintaining an atomic valence of 5 on
niobium.

[NbOFs)>~ Order Within Cd(3-apy) sNbOFs. Unlike
[HNCeHsOH][Cu(pyu(NbOFs),] and Cu(dpaNbOFs-2H,0,
chains of Cd(3-apyNbOFs are affected by more than one
bond network contact that decreases the local symmetry of
the [NbOR]?~ anions. In addition to the asymmetrical
hydrogen bond network to the equatorial fluorides, which
creates three directional components to the primary distortion,
bond overlap populations (Table 5) show that the-Cdand
Cd—F bonds are asymmetric in strength. While this differ-
ence in strength is not as extreme as in a cluster, where th
difference is between one O bond and one hydrogen
bond, it still adds two more directional components to the
distortion of the anion. Therefore, with a total of five
directional components affecting the distortion of the
[NbOF;]?~ anion in Cd(3-apyNbOFs;, the resultant out-of-
center displacement of the Rthion is moderated, but the
overall valence on niobium remains well below 5. The
presence of five asymmetric bond network contacts ensure
that the [NbOFE]?>~ anion crystallizes in only one orientation.

It is somewhat surprising that the [Nbg)¥ ions in Cd(3-
apyuNbOFs exhibit a polar crystallographic ordering along
the individual chains, particularly when [NbF anions
coordinate to the Cd cations in a nonpolar manner in
[pyH]2[Cd(pyu(NbOFs),] clusters. This observation appears
to be related to the electron-donating nature of the nitrogen-
containing organic ligands around €cdand, in turn, to the
hard/soft mismatch between €dand G /F ligands*®4t
The 3-aminopyridine ligand is more electron donating than
unsubstituted pyridine. Correspondingly, the cadmium carries
a less positive charge in Cd(3-ap)pOFs than it does in
the [pyHL[Cd(pyu(NbOFRs);] cluster, as shown by the
calculated Mulliken charges in Table 4. This decrease in
charge “softens” the cadmium, making it more prone to
participate in covalent bonds than ionic interactions. As a
result, the already substantial hard/soft mismatch between
the metal and the hard oxide or hartiems-fluoride ligands

(39) Brown, I. D.; Gillespie, R. J.; Morgan, K. R.; Sawyer, J. F.; Schmitt,

S

Figure 7. Chirality within the Cd(3-apyNbOFs structure. The dashed
line connects the oxide ligands and is included to illustrate the path of
rotation of the [NbOE]2~ anion as viewed down the axis. The Cd(3-
apy)?t cations have been removed for clarity.

on the [NbOF]?~ anions is increased. When the [Nb{#~
anions order in a polar manner within chains of Cd(3-
apyxNbOFs, the possibility of an unfavorable fCd—F
linkage is avoided.

The chiral component of the Cd(3-apMpOFs structure
is created by a#dscrew axis that is aligned parallel to the
axis. The infinite polar sheets of Cd(3-apypbOFs chains
that are orthogonal to the screw axis rotate in a unidirectional

Sashion along the screw axis. See Figure 7. The calculated

dipole momerff of the [NbOFR]?~ anion in Cd(3-apyNbOFs
is 0.56 D. In contrast, the dipole moment of the strongly
distorted [NbOE]?~ anion in [4-apyH][Cu(4-apy)}(NbOF;);]
is 1.48 D. As the polar sheets of Cd(3-ayNpOFs rotate
along the screw axis, the polar components of the [NJOF
anions cancel in tha andb directions, leaving only a small
resultant vector in the axis direction. The polar component
of the structure is largely due to the NB4 bond that is
lengthened by the hydrogen bond network. On the basis of
the polar nature of the compound, a small SHG response is
expected from Cd(3-apy)bOFs; however, because of the
partial radial cancellation of the dipole, the SHG powder
efficiency of the sample is below the detection limit of the
system, which is about 50% of SiQd?~(Si0,) = 0.28
pm/V[R34344

Crystal Packing in Disordered Linear Chains of Cu-
(3-apyuNbOFs. The linear chain compound Cu(3-agyipOF;
has a one-dimensional structure similar to that of Cd(3-
apyxNbOFs, but the oxide andransfluoride positions of
the [NbOF]?~ anion are crystallographically disordered.
Hydrogen bonds are made to each of the four equatorial
fluorides from the three-dimensional extended structure, but
unlike the hydrogen bonds in Cd(3-agypOFs, each
hydrogen bond donor is symmetrically arranged around the
anion. These contacts symmetrically lengthen the-Rb
bonds, as seen in [4-apyiiTu(4-apyy(NbOFs),], but are
ineffective at ordering the anion. The symmetrical hydrogen
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bond network is unable to reduce the symmetry of the anion, bonds in Cu(3-apyNbOF; are long at 2.532(1) Ax 2.

and crystallographic disorder occurs. Previous work has hypothesized that disordered chain
The difference between the three-dimensional crystal structures are actually made up of locally ordered chains

packing of Cd(3-apyNbOFs and Cu(3-apyNbOFs is where all the dipoles from individual [NbGQPF~ anions are

notable, considering the similarities between their one- gjigned in an additive manner. Antiparallel packing of such

dimensional chain structures. Crystal growth occurs in away ¢pains would lead to crystallographic disord¥ If this is

that optimizes the intermolecular interactions within a system. the case for Cu(3-apy)bOFRs, there should be one oxide

Single-crystal X-ray diffraction allows us to study some of . . .
9 y y o . y . and one fluoride coordinated to each Cu(3-apykation,
the stronger, more easily observed intermolecular interactions L . . e )
resulting in an anisotropic coordination environment around

such as the electrostatic hydrogen bond. A general rule for - )
hydrogen bonds is that the maximum number of hydrogen the C#" center. It is reasonable to assume that the resulting
bond donor/acceptor pairs W|” be maﬁeAccording to Cu-0 bond WOUId be Stronger than theGE, thUS the |Oca|
Pauling’s ruleg® the most stable coordination sphere is one bonding around the Ct center can be envisioned as a
where the four equatorial fluoride bonds should be ap- pseudo square pyramid, where 2Cumoves closer to the
proximately equal in lengtf. Both Cu(3-apy)NbOF; and “apical” O?" ligand and is surrounded by a basal plane of
Cd(3-apy)NbOFs have a 2:1 ratio of available amine four N atoms from the 3-apy ligands. Interchain disorder
hydrogens to electronegative acceptors (equatorial fluorides);would thus account for the elongated®Cellipsoid and the

at a minimum, all four equatorial fluorides should form at  5ppearance of a distorted octahedral environment around
least one hydrogen bond. Cu(3-ap¥pOFs does form one p+

hydrogen bond to each available acceptor as predicted.

Symmetric lengthening of the equatorial fluorides in Cu(3-

apyuNbOFs is observed, and the Nt bonds remain Conclusions

isotropic. The equatorial fluorides are also equivalent, but

shorter, in structures where no hydrogen bonding occurs.  The observed distortions of dransition metal centered
Unlike Cu(3-apy)NbOFs, Cd(3-apy)NbOFs uses three of  [MO,Fs_,]2~ anions are a result of both intraoctahedral

four available hydrogen bond acceptors. While two fluorides interactions and interactions of the anions with their sur-

are able to make two hydrogen bond contacts, there is Noyoundings. The electronic, or primary, distortion is a result

available hydrogen with which F4 can hydrogen bond. The ¢ 47 b7 metal-oxide orbital interactions. This distortion

asymmetrlpal hydr_ogen bond enV|ronmer_1t arognd the €0Ua5 inherent to the oxide fluoride anions and is not a result of
torial fluoride positions leads to an anion with reduced

symmetry. Bond angles around cadmium in the Cd(3- contacts with the extended structure (bond network). Second-

apy)NbOFRs structure deviate from the expected values of ary distortions, which arise from interactions with the bond
90° with angles between the ring nitrogens1—Cd— network, influence the directionality of the out-of-center
N3 = 96.4, [IN3—Cd—N5 = 83.6’, IN5—Cd—N7 = 96.4, distortion and can modify the primary distortion.

and UN1-Cd—N7 = 83.8. Corresponding angles in Cu-  \nen all six ligands on the oxide fluoride anion are

(3-apyyNbOFs are IN1—Cu—N3 = 89.5 and 90.3. _ crystallographically ordered, the different components that
In linear chain compounds, disorder between the oxide 4o e the net out-of-center distortion can be identified.

andtrans-fluoride elongates the niobium ellipsoid along the Cluster compounds and the linear chain compound Cd(3-

Nb—O/F bond axis and is an indication of the anisotropic . .
Nb=0O and Nb-F bond lengths. See Figure 1b. The thermal apy)4NbQF5 are comprlsegl of ordered [NbGIF anions
alternating with M(L)?" cations (M= Cc?*, C/**; L = py,

ellipsoid for the M(L)?>" cation is typically sphericat!t )
Elongation of the copper thermal ellipsoid in Cu(3- 3-apy, 4-apy). The crystal structures reported here illustrate

apyyNbOF; along the Cu-O/F bond axis is, therefore, the reduction of the primary distortion when a secondary
notable and indicates that the copper moves above and belovgistortion is detectable. The results of electronic structure
the plane created by the four coordinated 3-aminopyridine calculations support this observation by quantifying the loss
rings. A recent review by Murphy and Hathawaljsts many of ot character in the NisO bond as coordination to the anion
examples of common geometries adopted by*Ceom- increases. The observed local coordination environment of
plexes. This flexibility of Cé@" for different coordination the [NbOR]?~ anions in linear chains of Cd(3-apibOFR;
geometries may be responsible for the observed elongationyjtfers from those found in discrete cluster compounds, such
of the C#" e[llp50|d in Cu(3-apyyNbOFs. For example, as [pyHE[Cu(4-apy)(NbOR);], and in linear chain com-
when the axial bonds lengthen around an octahedrally ounds with crystallographic disorder in the oxide trags

coordinated copper, the coordination approaches squar : . " .
planar as the distortion becomes pronounced to the exten%;uorlde bridging positions, as in Cu(3-apypOFs. Thus,

that loss of axial ligands occurs. The two axial -GD/F characterization of Cd(3-apyybOFs chains provides an
uncommon opportunity to examine the relationship between
(45) Etter, M. C.J. Am. Chem. S0d.982 104, 1095-1096. inherent primary distortions of the [Nb@F anion and

46) Pauling, L.J. Am. Chem. S0d.929 51, 1010-1026. ; ; ;
§47§ Brown?l. D. Acta Crystallogr. Se%t. HO92 48, 553-572. distortions that are induced by the extended hydrogen

(48) Murphy, B.; Hathaway, BCoord. Chem. Re 2003 243 237—262. bonding network.
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