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Abstract: Carbon-13 and nitrogen-15 nuclear magnetic resonance (NMR) spectra of solid copper(l) cyanide
present a clear picture of its molecular structure as comprising linear, polymeric chai@s—N—C—],.
Copper-63/65 nuclear quadrupole resonance reveals that the cyanide ligands are subject to “head-tail” disorder.
Magic-angle spinning NMR spectra are analyzed by accounting for the quadrupolar effects of neighboring
copper nuclei to yield one-bond indirect spispin coupling constant&)(63Cu 1C) ~ +725 Hz and-J(53Cu,1°N)

~ —250 Hz, and effective dipolar coupling constarRs(53Cu 13C) ~ +1200 Hz andRe#(53Cu>N) ~ —460

Hz. The dipolar coupling data correspond to internuclear separations ek 1.88 A andrc,n~ 1.92 A.

The observation of axially symmetr}iéN and3C chemical shielding tensors in NMR spectra of nonspinning
samples provides compelling evidence for the structural linearity of CUCN chains. Conclusions based on
experimental data are supported by ab initio calculations of chemical shielding and electric field gradients.

Introduction promise in the construction of self-assembling zeolitic frame-
. . o works52P9and as a precursor in the synthesis of ¥Ba07—«
Transition metal cyanides have a long and distinguished g ,nerconductor However, the structural characterization of

history in the chemical sciences. Prussian bluefIFe(CN)} 5] CuCN-derived compounds tends to present interesting chal-
xH,0, for example, was the first reported coordination com- lenges. In the original report of [N(GH#][CuzZn(CN)], for

poun(Zj as early as 1704and Hofmann'’s original clathrate in  j,qance the authors were forced to concede defeat regarding
18977 Ni(NH3)NI(CN)4-2CeHe, sparked a great deal of interest  yq rientation of cyanide groups linking Cu and Zn centers

in inclusion compounds that endures even toti@iie obvious based on X-ray diffraction daf&.And in the case of some

utility of cyanide as a bridging ligand has inspired a recent a0, Gilman reagents, the identity of the active species remains
resurgence of interest in metal cyanitifes applications ranging the subject of hot debaté.

o e e Cuousy, the moleciar scue of he rchetpalcopper)
9 ’ ' _cyanide itself has never been definitively settled. Attempts to

tcrﬁg;'fg; Tviﬁilb(;}:wi?%ise(zgc duisgr‘g(::Léggi\ﬁltacaengnv&%if’é?hﬁ“Cobtain single crystals adequate for diffraction studies have been
y 99 confounded by its insolubility in most solvents, and its formation

catalytic propertlejé. ) ) ) . of crystalline adducts in others (e.g., Cu@®Hz2 CuCN
Copper(l) qyamde,'ln partlculgr, ha§ enjoyedl popularity N,Ha,13 Cus(CN)s-H,04). Moreover, even when sufficiently

among organic chemists due fo its unique role in structural |3rge crystals can be grown, the similar electron densities of

elaboration via cyano-Gilman chemisfiyt has also shown  carhon and nitrogen atoms present fundamental problems for
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distance from the copper centers is of dubious merit, since rangeshas already been used to study a wide variety of transition metal
of reycandreyn in known complexes overlap significant§. cyanide complexes in the solid staf&t26 Notable examples

The first structural report of CUCN involved red (monoclinic) include the incorporation of doubly labeled cyanide to resolve
and green (orthorhombic) forms for which unit cell parameters C/N orientational ambiguity in the [N(CHL][CuZn(CN)]
were estimated# However, mean molar ratios, (Cu/CN), for ~Systen¥? an extensive investigation of organotin coordination
these forms were 0.94 and 0.91, respectively, and no subsequerolymers?® and promising results regarding structure and
work has corroborated these results. In 1957, a third, colorlessdynamics of adsorbed cyanide molecules on catalytic metal
form (Cu/CN = 0.993) was studied by X-ray diffraction in  surfaces in electrochemical environmefits.

Cromer’s groug; reporting an orthorhombic space group with Presented here is a multinuclear magnetic and quadrupole
unit cell parametera= 12.79 Ab=18.14 A, andc=7.82 A resonance study of solid copper(l) cyanide. Results ftén

and 36 formula units per cell. Since then, other techniques haveand >N NMR spectra of stationary and magic-angle-spinning
been employed to understand its structure. On the basis of CNsamples are combined witf®°Cu NQR data to support a linear,
stretching frequencies, it has long been assumed that the cyanidgolymeric chain structure with “head-tail” disorder of the cyano
acts as a bridging ligand between copper atéhfairthermore, groups. Most importantly, however, this demonstration high-
the tendency of Cu(l) to form polymeric chains has been invoked lights the applicability of solid-state NMR to the structural
to posit the presence of GWC—N—-Cu linkages. The most  elucidation of compounds for which standard diffraction tech-
persuasive data in support of this conclusion, however, arise niques are of limited utility.

from extended X-ray absorption fine structure (EXAFS) results
published only a few years agd.The Fourier transformed
spectra exhibit a series of three peaks which can be modeled
by using a linear Ca&C—N—Cu fragment. Unfortunately,
EXAFS is unable to differentiate between €G and Cu-N,

and thus, is subject to some of the same limitations as X-ray
diffraction.

Further clues to the structure of CUCN have been gleaned
from studies of oligomers in solution and in the gas phase.
Copper(l) cyanide, solubilized in THF by addition of 2 equiv
of LiCl, appears to retain significant oligomerization, its EXAFS
spectrum being remarkably similar to that of solid Cu&N.
Moreover, its CN stretching frequency is near that of the solid,
in the region usually attributed to bridging cyanidé&vidence
has also been presented by mass spectrometric detection of lase
ablated solid CuCN that anionic [QI€N)n+1]~ and cationic
[Cuy(CN)n—1]* species i < 5) have linear structures with
alternating copper and cyanide grodpsThis conclusion is
based, in part, on density functional theory calculations in which
a variety of cyano ligation modes were explored for anionic

Results and Discussion

Carbon-13 and nitrogen-15 NMR spectra of stationary and
spinning solid samples of isotopically enriched CuCN have been
acquired at 4.7 and 9.4 T (Figures—3). The excellent
agreement between calculated and experimental spectra is based
on a single spirt/, 13C or 1*N site coupled to a quadrupolar
copper nucleus, taking into consideration Zeeman, direct and
indirect spin-spin coupling interactions (Table 1). Because the
63/65Cu nuclear quadrupole resonance frequencies in CuCN are
on the same order of magnitude as their respective Larmor
frequencies (Table 2), it is necessary to account for quadrupolar
effects in correctly simulating observédC and >N NMR
spectra. The results of these NMR spectral anatysesxmarized
fn Table T-provide overwhelming evidence for the presence
of linear chains of CttN—C—Cu units. Spia-spin coupling
data provide unequivocal evidence that each carbon is bonded
to one copper, and each nitrogen is also bonded to one copper.
That these chains are linked in a linear fashion emerges from
S ) . ' the observation of axially symmetric nitrogen and carbon
neutral, and cationic G(CN), clusters, the relative energies for shielding tensors. THE%%Cu NQR spectrum (Figure 4) indicates
which consistently favored linear, bridging moclzPés.. _that cyanide ligands within a chain are disordered in a “head-

Another approach to the structural characterization of solids (4" fashion, based on the multiplicity and breadth of observed
is_NMR. Its isotqpic sp_ecificity el?min_ates ambiguities associated peaks. The following paragraphs offer a more detailed analysis
with cyanide orientations, making it complementary to X-ray of the spectral observations and their structural implications.
diffraction techniques. In the case of CUCN, each of the atoms Immediately obvious from Figures 1 and 2 is the dependence

has at least one nuclear spin-active isotope. Moreover, NMR i ¢ 16 jine shape on the applied magnetic field. Moreover, the
ideally suited for investigations of local structure and symmetry
in cases where only powders or microcrystalline samples are (21) Stoll, M. E.; Vaughan, R. W.; Sailant, R. B.; Cole, I. Chem.
vailabl [ not rely on large single crystals. A wealth Phys.1974 61, 2896-2899.
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Figure 1. Experimental and calculatédC MAS NMR spectra of 30% ppm

13C15N-e_nriched copper(l) cya_nide; see Table 1 for fitting parameters. Figure 2. Experimental and calculatéeN MAS NMR spectra of 70%

Each dlsplaygd spectral region spans 7.25 kHz. For ‘,1'7 and 9.4 T15N-enriched copper(l) cyanide; see Table 1 for fitting parameters. Each
spectra, rotation rates were 4.5 and 8.0 kHz, respectively, and thedisplayed spectral region spans 3.2 kHz. For 4.7 and 9.4 T spectra,
numbers of transients were 286 and 232. Calculated spectra Wereyqqsion rates were 3.0 and 10.0 kHz, respectively, and the numbers of

convolved with a 50:50 Gaussian/Lorentzian line-broadening function ., jents were 175 and 442. Calculated spectra were convolved with
of 500 Hz. Intensity from spinning sidebands has been summed to Gaussian line-broadening functions of 300 Hz (4.7 T) and 400 Hz

constru_ct an isotropic powder MAS_ spectru_m; spectral artifacts arising (9.4 T). The intensity from spinning sidebands has been summed to
from this procedure are marked with asterisks. construct an isotropic powder MAS spectrum.

line shape bears little resemblance to the equally spaced quartet
anticipated for coupling to a spi#; nucleus in the high-field 94T
limit. This field-dependent distortion is known to originate in
dipolar coupling to a quadrupolar nucleus possessing a quad-
rupole coupling constant that is not negligible with respect to
its Larmor frequency® The naturally occurring isotopes of
copper—%Cu (69.09%) and>Cu (30.91%)-have similar nuclear
properties: both are spifl;, and have comparable magnetic
moments £(8°Cu)/u(53Cu) = 1.071) and quadrupole moments
(Q(®5Cu)/Q(53Cu) = 0.925)?° Except in environments of high
local symmetry, the electric field gradient tensor at a copper
nucleus will be substantial, rivalling or exceeding its Larmor
frequency. To understand more clearly the source of this effect,
it is necessary to consider carefully the nuclear spin interactions
of a quadrupolar nucleus in the presence of an external magnetic
field.

The interaction of a nuclear quadrupole momes®)(with Expt.
the electric field gradient (EFG) serves to quantize the nuclear
spin states according to the magnitude and orientation of the
EFG tensor €g) at the nucleus. With the application of an
external magnetic fieldBy, the interaction of the nuclear ppm
magnetic moment with the applied field competes with the Figure 3. Experimental and calculaté8C NMR spectra of stationary
quadrupole interaction for the quantization of spin states, 99% *3C'*N-enriched copper(l) cyanide; see Table 1 for fitting

introducing an orientation dependence based on the relativeparameters. Calculated spectrum convolvedwit2 kHz Lorentzian

line-broadening function. The experimental spectrum is the result of
(28) (a) Casabella, P. AJ. Chem. Phys1964 41, 3793-3798. (b) 64 transients.

Menger, E. M.; Veeman, W. S.. Magn. Reson1982 46, 257—268. (c) .

Harris, R. K.; Olivieri, A. C.Prog. NMR Spectrosdl992, 24, 435-456. positioning of B and the EFG tensor. As such, the nuclear

(d) Kroeker, S.; Hanna, J. V.; Wasylishen, R. E.; Ainscough, E. W.; Brodie, magnetic energy levels, and consequently the transitions ob-

A. M. J. Magn. Resonl99§ 135 208-215. i ; i i ;
(29) Harris, R. K. InEncyclopedia of Nuclear Magnetic Resonance served in spectroscopic techniques, will depend on the relative

Grant, D. M., Harris, R. K., Eds.; John Wiley & Sons: Chichester, UK, magnitudes of the Zeeman and quadrupolar interactions, com-
1996; pp 33043314, monly measured in terms of the Larmor frequengy,and the
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Table 1. Carbon-13 and Nitrogen-15 NMR Data for Copper(l)
Cyanide

13C lSN
s ppm +151+1 4232+ 2
Sc2dppm +267+ 10 +385+ 10
S*<ppm -84+ 10 —~70+ 10
1J(63Cu, X YHz +725+ 20 —250+ 15
Rei(®3Cu, X)PYHz +1200+ 50 —460+ 50

a13C chemical shifts relative to TMS, using solid adamantane as a
secondary referencEN chemical shifts referenced with soidNHsNO;,
which resonates at+23.80 ppm with respect to liquid ammonia at
20°C. ? Obtained from NMR spectra of samples spinning at the magic
angle, analyzed with a “one-site model'Obtained from NMR spectra
of stationary powder samples, analyzed with a “one-site model”.
d Parameters for spin pairs involvirf§Cu were varied according to
the relative magnetogyric ratios of the two copper isotopes: e.g.,
1J(5Cu*C)AJ(53Cu lC) = 1.071.

Table 2. Copper Nuclear Quadrupole Resonance Data for
Copper(l) Cyanide

vo(®3Cu)/MHZ vo(®*Cu)/MHZ
“CN—Cu—NC” 44.4 (41.1%
“CN—Cu—CN” 40.8 37.8
“NC—Cu—CN” (37.9p 35.0

aCited frequencies represent peak maxima, with an estimated

precision better thar:100 kHz; the distribution ofo stemming from

long-range cyanide disorder, however, extends the uncertainty to

approximately 500 kHz.P Values in parentheses represent peak

J. Am. Chem. Soc., Vol. 121, No. 7, 11%8b

the direct observation of quadrupolar nuclei in this regime is
fraught with difficulties, it is important to realize that these

effects will influence the NMR line shape of dipolar-coupled

spin ¥/, nuclei.

For a given heteronuclear spin pairS), the observed
resonance will be split into®+ 1 peaks separated by the
isotropicJ-coupling, provided the spin states of both nuclei are
guantized by the Zeeman interaction with lifetimes which are
long with respect toJ(1,9~1. In solution, rapid molecular
tumbling may create a fluctuating electric field gradient at a
quadrupolar S nucleus, resulting in efficient spirlattice
relaxation. Consequently, multiplets in thespectrum due to
J-coupling toSare broadened, and in extreme cases, completely
“self-decoupled’®? By contrast, restricted motion in solids
results in relatively long relaxation times, enabling the observa-
tion of spin—spin coupling to quadrupolar nuclei subject to very
large EFGs. Under such circumstances, the $gine shape
may be distorted with respect to the simpl®-2 1 multiplet,
the extent of this distortion depending on the ratigy, .

To account for the tensorial nature of these interactions
properly, a rigorous line shape calculation demands information
about themagnitude®f the EFG, indirect spiaspin and dipolar
coupling tensors, as well as their relativgentations In the
most general case, this presents a hopeless tangle of variables.
However, the structural linearity encountered in the present case
greatly simplifies this problem (see below). Under such

positions anticipated based on the ratio of copper quadrupole momentscircumstances, the indirect spispin coupling {) tensor and

but obscured by overlapping resonances.

c-%3cu-N

MHz
Figure 4. NQR spectrum depicting®¢*Cu resonances in natural

the 83/65Cu EFG tensors are axially symmetric and coincident
with the direct dipole-dipole R) tensor, all of which are aligned
with their unique components along the internuclear &l
orientational relationships known, the line shape calculation
involves only three variables.

In copper(l) cyanide, evidence for linearity is found in the
NMR spectra of stationary samples. Carbon-13 NMR spectra
collected at 4.7, 9.4, and 18.8 T and nitrogen-15 NMR spectra
at4.7 and 9.4 T are characteristic of axially symmetric chemical
shielding tensors with spans typical of linear"@—N frag-
ments (see, for example, FigureZ33dindeed, full line shape
calculations incorporating the effects of coupling to both spin
active copper isotopes (and neighboring siimuclei where
appropriate) were successful only for axially symmetric shield-
ing tensors with greatest nuclear shielding when the unique
component is parallel to the applied magnetic field (Table 1).

The high sensitivity of chemical shielding tensors to short-
range local symmetry is well-known. A pertinent example is
found in the cyand3C and®N shielding tensors of 10 solid

abundance copper(l) cyanide. Labels represent assignments based oRara-substituted benzonitriles, where small, but significant,

ab initio EFG calculations.

quadrupole frequencyy, for a given orientation. If the Zeeman

interaction can be considered a perturbation of the quadrupole
interaction, the associated spectroscopic experiment is called

Zeeman-perturbed nuclear quadrupole reson&hide¢he qua-

drupolar interaction is small compared to the Zeeman interaction
the spectroscopic technique is nuclear magnetic resorfance.
More troublesome in terms of categorization is the intermediate
regime in which the two interactions are comparable in
magnitude. In this case, perturbation theory is not valid and
account must be taken of the full Zeeman-quadrupolar Hamil-
tonian in the calculation of energy level transitidgiglthough

(30) Das, T. P.; Hahn, E. L. I80lid State PhysiesAdvances in Research
and ApplicationsSeitz, F., Turnbull, D., Eds.; Academic Press: New York,
1958; Supplement 1.

(31) Cohen, M. H.; Reif, F. litolid State PhysiesAdvances in Research
and ApplicationsSeitz, F., Turnbull, D., Eds.; Academic Press: New York,
1957; Vol. 5, pp 32+438.

deviations from axial symmetry are observed, despite a high
degree of local symmetif.By contrast, strictly axial symmetry

is observed fol3C shielding tensors in #M(CN)4 (M = Zn,

Cd, Hg), where linearity is dictated by crystal symmetiyThe
observation of axial symmetry in thEN and 13C shielding
tensors of copper(l) cyanide serves as a strong witness to its

'linear molecular structure.

Additional support for linearity comes from the experimental
values of the most shielded component of the chemical shift

(32) (a) Pople, J. AMol. Phys.1958 1, 168-174. (b) Abragam, A.
Principles of Nuclear MagnetisnOxford University Press: Hong Kong,
1961; pp 305-316 and 33%+332. (c) Sanders, J. C. P.; Schrobilgen, G. J.
In Multinuclear Magnetic Resonance in Liquids and Sotihemical
Applications Granger, P., Harris, R. K., Eds.; NATO ASI Series, Series
C: Mathematical and Physical Sciences; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1990; Vol. 322, pp $3386.

(33) Wasylishen, R. E. IEncyclopedia of Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; John Wiley & Sons: Chichester, UK,
1996; pp 1685-1695.

(34) Sardashti, M.; Maciel, G. B. Phys. Chenl988 92, 4620-4636.
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tensorsg,. Ramsey’s well-known theory of nuclear shieldihgf are not identical. The orientational disorder present in CUCN is
partitions the total shielding into diamagnetic and paramagnetic not dynamicdisorder as in the case of alkali metal cyanides at
contributions, o4 and oP, respectively. The latter generally room temperaturé® for this would involve bond-breaking and
represents deshieldingeffect, and its computation constitutes the consequent decoupling of copper nuclei frsh and3C;

a formidable challenge to theoreticians due to a critical itis staticdisorder, wherein the motion is slow with respect to
dependence on excited electronic states. For a linear moleculeJ(63/65Cu,13C) 1.

however, the paramagnetic contributiondpvanishes in the The insight provided by these NQR data influences the
nonrelativistic limit, and the total shielding is simply described detailed interpretation dfC and!>N MAS NMR spectra. Each

by the diamagnetic shielding. The calculation of this term from of these line shapes must be understood in termgwaof
first principles is straightforward, as it relies only on ground- independent sites coupled to copper-63/65 nuclei having dif-
state wave functions. Therefore, the extent to which the observedferent values ofCq. More vexing, perhaps, is that chemical
o) deviates from the calculated value provides an indication of shifts, J-couplings, and dipolar couplings may, in principle,
molecular nonlinearity in the present case. The theoretical differ as well. These individual sites are unresolved, their overlap
carbon-13 shielding component along the chain for a linear resulting in the broad MAS NMR peaks observed. Consequently,
arrangement of CNCu—13CN—Cu is computed by ab initio  two approaches are used in understanding the MAS line shapes.
methods to bed = +286.5 ppm, corresponding to a chemical As a first approximation, it is assumed that both sites (&g
shift, o,¢ = —102.3 ppn¥’ Experimentally,d; is found to be Cu—C and®*C—Cu—N) possess identical chemical shifts and

—84 4 10 ppm. For nitrogen-155 is calculated to be-352.7 coupling parameters, peak broadening of several hundred hertz
ppm, which can be converted to the chemical shift scale, yielding being introduced empirically after a full-matrix diagonalization
08 = —108.1 ppne8 The experimental value is704 10 ppm. evaluation of the frequencies (“one-site model”). In the second
Considering the extreme sensitivity off to off-axis atoms, approach, an attempt is made to reproduce the line shapes by
(e.g., the central carbon-13 in allene possesges —250 ppm), including all interactions within the framework of first-order

and presumably minor contributions from intermolecular effects, perturbation theory (“multiple-site model”). The former method
this level of agreement provides further evidence for the provides estimates of the coupling constants, while the latter is
existence of linear chains in CuCN. used to investigate the origins of the peak broadness.

The magnitudes of the copper-63/65 quadrupolar interactions From3C MAS NMR spectra, the “one-site model” yields a
were independently assessed by using zero-field nuclear quad+J(63Cu°C) of +725 Hz#® This relatively large value is
rupole resonance (NQR) spectroscopy. For an axially symmetric indicative of one-bond coupling to a spith, nucleus and
EFG tensor of spifi/z, the measured quadrupole frequeney, confirms that the carbons are directly bonded to copper nuclei.
is simply half the nuclear quadrupole coupling constaz, In fact, its magnitude may even be understood to confer
(=em:eQ/h ewsis the unique component of the EFG tens8r).  additional evidence for linearity. For the nearly tetrahedral
For natural abundance CuCN, four unusually broad resonancescuprate anions in KCu(CN)*! and [N(CH)4][CuZn(CN),], 220
were observed over the range-345 MHz (Figure 4), thus  1J(53Cu/!3C) is +300 Hz, whereas in the trigonally coordinated
necessitating a “point-by-point” acquisition. Based on their cuprate KCu(CNy, 1J(®3Cu3C) ~ +500 Hz*! Assuming, as a
relative quadrupole moments and natural abundances, it isfirst approximation, that the Fermi contact mechanism plays a
evident that, in factthree copper sites are present, with prominent role in the couplintf,the magnitude ofJ(63Cu,!3C)
fortuitous overlap between different isotopes of neighboring in a dicoordinate, linear structure is expected to be larger still.
peaks. Resonance positions are listed in Table 2, the numberdn related mercury(ll) cyanide complexes, for example,
in parentheses representing peaks calculated on the basis ofJ(19%Hg,13C) = 1540 Hz in tetrahedral ¥g(CN),2*dwhereas
Q(®5Cu)/Q(53Cu). The proposed assignment of these spectral it is 3158 Hz in linear Hg(CN)*® The experimental value of
features is based on ab initio calculations of the electric field +725 Hz for1J(63Cu3C) is consistent with this model.
gradient for extended chain fragments with various orientations The dipolar coupling constanRe(53Cu l3C), determined
of the cyanide groups, intended to mimic “ordered” and likewise from3C MAS NMR spectra is-1200 Hz, from which
“disordered” copper sites (see Experimental Section). As such, is calculated a bond length of 1.88 A (see below). It is important
copper nuclei directly bonded to two cyano carbons are predictedto qualify this conclusion, however, by noting that what is
to possess a smaller EFG than copper nuclei flanked by two actually measured in an NMR experiment is ¢ffective dipolar
cyano nitrogens. Naturally, intermediate values are expected forcoupling constant, comprising contributions from the direct
copper nuclei in fully ordered CuCN chains. The calculated dipolar coupling constantRop) and from anisotropy in thé
magnitudes, while not in quantitative agreement with experi- tensor AJ):33
ment, adequately reproduce the relative magnitudeSqof

While a variety of experimental idiosyncracies preclude direct Reit = Rop — AJ/3 (1)
quantification of these sites from spectral intensities, it can be - ) . L
estimated that 2040% of the copper nuclei are located at O @*%CU;*C spin pair, this involves
“disordered” sites, i.e., ECu—C or N—Cu—N. By implication, 1w\ K
the formation of copper cyanide chains is not entirely random, Ryp(®*cultic) = (TO)(E)V(63CU)7/(13C)ECS,CD 2)
but expresses a marginal preference for ordering. This conclu- 7T
sion is also supported by ab initio calculations, for which the

. . . 3 .
energies of chain fragments with different cyano orientations wherey is the magnetogyric ratio, arid,, LIepresents a time

average over the inverse cube of the internuclear distance. The

(35) Ramsey, N. FPhys. Re. 1950 78, 699-703. second termAJ, is defined as the difference between the parallel
(36) Jameson, C. J. IEncyclopedia of Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; John Wiley & Sons: Chichester, UK, (39) (a) Wasylishen, R. E.; Jeffrey, K. R.Chem. Phys1983 78, 1000~

1996; pp 1273-1281. 1002. (b) Wasylishen, R. E.; Pettitt, B. A.; Jeffrey, K. R.Chem. Phys.
(37) Jameson, A. K.; Jameson, CChem. Phys. Letfl987, 134, 461— 1981, 74, 6022-6026.
466. (40) As the coupling tensord andR for 63Cu and®Cu are related by

(38) Jameson, C. J.; Jameson, A. K.; Oppusunggu, D.; Wille, S.; Burrell, the ratio of their magnetogyric ratie®.g., 1J(6°Cu,13C)AJ(53Cul3C) =
P. M.; Mason, JJ. Chem. Phys1981, 74, 81-88. 1.07%-only couplings to the copper-63 isotope are discussed in the text.
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and perpendicular components of an axially symmeftic  coordinate complexe¥, and marginally further to 1.94:
tensor3 Since the orientation dependence of these two terms 0.06 A for four-coordinate cyanocupra®®$The NMR-derived

is identical, there is no way to separate these contributions in abond length of 1.88 A being an upper bound, this falls
single NMR experiment. If the bond length is known, this comfortably within the range anticipated for linear, dicoordinate
relationship can be used to determine the anisotropic charactercopper. This value also agrees with EXAFS data for solid CuCN,
of J. Conversely, one can obtain an estimate of the bond lengthwhich could be fit with a distance of 1.85 or 1.86 A between
based on equation 2. Here, it is usually necessary to make arthe copper and its nearest neighbor, either carbon or nitrfgen.
assumption about the contribution Afl to Re. For coupling Density functional theory appears to overestimaigc in a
between many of the lighter elements, (e.g. H, C, N), a small nhumber of linear permutations of copper and cyanide units,

range of isotropid-couplings is understood to imply negligible
values ofAJ; i.e., Ret =~ Rpp. For heavier nuclei, (e.g., P, Cu,
Hg), it is known that indirect spiaspin coupling may depend
significantly on orientation, although well-characterizéd

tensors are scar@é** Since no information on the anisotropy

converging around 1.90 &, whereas multireference second-
order perturbation calculations on the simple monomeric unit,
CuCN, yield even longer bondg¢,c= 1.94 Ass

Given the large uncertainty associated with the NMR-derived
bond length for CaNC, comments about its agreement with

of J(®3%Cu,13C) appears to have been reported in the literature, other determinations afe,y offer little insight. That notwith-

one may choose to ignore the effects\df or try to incorporate

standing, an example of a nearly linear EQu—NC has been

its effect in some qualitative way, recognizing that either reported in an adduct of CUCN and biquinolff&ontaining a
approach introduces indeterminate uncertainty in the bond lengthcopper-nitrogen bond of 1.82 A. More generally, crystallo-

calculated fromRes. For positive values ofiso (see below), it
is generally assumed thdt is larger thanJn. Thus,AJd is a
positive quantity, and serves tiecrease B relative toRpp,
thereby lengtheningthe apparent internuclear distance with
respect to the actual value.

Another phenomenon that modulafeg is motional averag-

graphically characterized cyanocuprates tend to exhibit Cu
NC bonds longer than CtCN bonds in the same compounds,
with values of the former ranging from 1.99 to 2.05%.
Calculations based on both density functional th&band a
multireference second-order perturbation appréftave these
orderings reversed, with GtNC separations exceeding €u

ing.45 Here again, the effect is to diminish the measured dipolar CN bond lengths by 0.03 and 0.05 A, respectively.

coupling constant, yielding an apparent bond length that is

The emergent picture of solid copper(l) cyanide as comprising

longer than the “true” separation. These effects have beenlinear, polymeric chains is remarkably similar to the structures

thoroughly studied for EH spin pairst>2band more recently,
for the heavier nucleilfC, 13N, 170) in glycine#>¢ The influence

of the analogous silver(l) and gold(l) cyanide compleXes.
Although the early X-ray diffraction studies of these compounds

is thought to be §mal| for bonded nuclei other than protons, suffered from ambiguity regarding the identity of carbon and
generally amounting to less than 3%. In any case, the inter- nitrogen atoms, the results were interpreted to indicate infinite

nuclear distancec, ¢ determined fronfRet must be understood

linear chains in each case, though the structures of AQCN and

to represent an upper limit, since the combined effect of both AuCN are not thought to be strictly isomorphdis.

motional averaging and\J would accumulate, rather than

An interesting feature of thEC and!®N MAS NMR spectra

cancel. For a linear system such as this, one might anticipatejs the observed line widths at half-maximui#C peaks exceed

substantial directionality id-coupling. As an example, if it is
arbitrarily assumed thatJ does not exceedlsy/2, Rex(°3Cu 13C)
ranges fromt+1200 to+1340 Hz, corresponding t@,c= 1.85
+ 0.04 A.

From5N MAS NMR spectra, the magnitude of the effective
dipolar couplingRe(®3Cu*N) is found to be 460 Hz from the

500 Hz at 4.7 and 9.4 T, andN peaks at 4.7 T are greater
than 300 Hz. The source of this broadening lies partly in the
cyanide disorder indicated by NQR. In particular, the local
environment about a giveFC or N nucleus will be subtly
influenced by the orientation of theextcyanide in the chain.
Assuming that these effects become negligible beyond two

one-site model, corresponding to an internuclear separation ofbonds, this implies thatvo distinct 3C and®>N environments
1.92 A. Emphasizing again that this represents an upper boundare present within a chain, each possessing its own chemical

due to potential contributions from anisotropy and motional

shift and coupling constants. The superposition of these sites

averaging, it can, at least, be understood as indicating a nitrogen+esults in spectral broadening.

bound cyane-copper linkage. Further evidence for this comes

from the isotropic J-coupling, 1J(63Cu>N) = —250 Hz.
Although no values otJ(63Cu,'>N) appear to be available in
the literature, a comparison with nonbond&®3Cu°N) ~
—20 Hz in KsCu(CN)*! clearly establishes the connectivity.

A second contribution to the line widths comes from residual
dipolar coupling to quadrupolar copper nuclei other than those
directly bonded. For example, within a given chain, a C-13
nucleus is situated not only 1.88 A from a neighboring copper-
63/65 but also two bonds away from another spin-active copper

These results are consistent with conventional wisdom basednucleus. This internuclear distance is approximately 3 A,
on crystallographically characterized cyanocuprates, with all the corresponding to a dipolar coupling constant of almost 300 Hz.

usual caveats regarding C/N identification. For-@N bonds,
rcuc is found to range from 1.80 to 1.86 A in nearly linear
dicoordinate systenf$,increasing to 1.92- 0.03 A in three-

It is likely that a smalRJ(63/65Cu °C) is also involved, the net
result of which is a splitting (or broadening) amounting to
several hundred hertz. If interactions with adjacemainsare

(41) Kroeker, S.; Wasylishen, R. E. Unpublished data.

(42) Jameson, C. J. IMultinuclear NMR Mason, J., Ed.; Plenum
Press: New York, 1987; pp 8931.

(43) Wasylishen, R. E.; Lenkinski, R. E.; Rodger,Gan. J. Chem1982
60, 2113-2117.

(44)Nuclear Magnetic Resonaned\ Specialist Periodical Repart
Webb, G. A., Ed.; Royal Society of Chemistry: Cambridge, 1998; Vol. 27
and previous volumes in this series.

(45) (a) Henry, E. R.; Szabo, A. Chem. Physl1985 82, 4753-4761.
(b) Nakai, T.; Ashida, J.; Terao, ™Mol. Phys.1989 67, 839-847. (c)
Ishii, Y.; Terao, T.; Hayashi, Sl. Chem. Phys1997 107, 2760-2774.

(46) (a) Kappenstein, C.; Schubert, l.Chem. Soc., Chem. Commun.
198Q 1116-1118. (b) Peng, S.-M.; Liaw, D.-Snorg. Chim. Actal986
113 L11-L12. (c) Hwang, C.-S.; Power, P. B. Am. Chem. S0d.998
120, 6409-6410.

(47) See note 61 in reference 19.

(48) Bouslama, L.; Daoudi, A.; Mestdagh, H.; Rolando, C.; Suard, M.
J. Mol. Struct. (THEOCHEM1995 330, 187-190.

(49) Dessy, G.; Fares, V.; Imperatori, P.; Morpurgo, GJGChem. Soc.,
Dalton Trans.1985 1285-1288.

(50) Sharpe, A. GThe Chemistry of Cyano Complexes of the Transition
Metals Academic Press: New York, 1976; pp 26885.
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188T = 740 Hz, and2J(63Cu/}*C)| = 150 Hz. This result underscores
an advantage of high-field NMR: residual dipolar couplings
are reduced, and the chemical shift difference (in Hz) is
amplified, leading to an improved determination of NMR
parameters for distinct sites.

The breadth of the NQR peaks is also anomalously large,
Cale. ranging from 500 kHz to over a megahertz. Althol§Bu—

63Cu, $5Cu—53Cu, and®>Cu—®°Cu dipolar interactions are present
in the solid, their contribution to the line width is undoubtedly
minor compared to that arising from a distribution of quadrupole
frequencies. The main peaks observed are due to nearest
neighbor effects, but the sensitivity of EFGs to long-range effects
demands that more distant (CuCN) units, as well as adjacent

Expt. chains, be considered. Again, the ab initio calculations offer
: : : : : : I ] support for t_h?s assertion, as EFGs at the _three nonterminal
170 160 150 140 copper nuclei in an ordered, linear (CuGNhain vary by 5%.
ppm Allowing for “head-tail” cyanide disorder as well as the

Figure 5. Experimental and calculatédC MAS NMR spectra of 30% possibility of translatiqnf’al displacement of thg chains with
13C15N-enriched copper(l) cyanide, acquired in a magnetic field of '€SPect to each other, it is easy to account qualitatively for the
18.8 T (L = 201.224 MHz); see text for details of the calculation. Observed NQR peak widths.
The sample rotation rate was 20.6 kHz, and 222 transients were Finally, information regarding the signs of the coupling
collected. The calculated spectrum was convolved with a 75:25 constants is available from the MAS NMR spectral calculations.
Gaussian/Lorentzian line-broadening function of 370 Hz. The intensity Because the magnitude ©6(5%Cu) is comparable to, (83Cu)—
from spinning sidebands has been summed to construct an isotropicespecia”y at4.7 T, whei@ exceeds, —the copper spin states
powder MAS spectrum. are not accurately described as simple perturbations to the
. o Zeeman states, and line shape calculations must invoke full-
also considered, it is easy to account for the ca. 500 Hz mairix diagonalization of the combined Zeeman-quadrupolar
peakwidths observed if®C MAS NMR spectra. A similar  pamiltonian operatof® Under such circumstances, spectra
rationale may be applied 5N NMR spectra. become sensitive to the relative signs of the quant@igsRe,

To test the plausibility of this argumertfC and'>N MAS and Jso.28¢ For carbon-13 MAS NMR spectra acquired at
NMR line shapes were evaluated by using first-order perturba- 4 7 T, agreement between calculations based on the one-site
tion theory. This approach enables the inclusion of multiple sites model and experimental spectra is possible only if all three signs
(‘ordered” C-Cu—N and “disordered” N-Cu—N and C-Cu—C) are the same; the only physically plausible solution for these
with couplings to multiple nuclei'g and?J). For the'3C MAS quantities is that their signs are positive. SifR is positive
NMR data at 4.7 and 9.4 T, a chemical shift difference between by virtue of the like signs of (13C) andy(63Cu) (see eq 2)AJ
the two sites of 2 ppm could be introduced before the simulation \oyid have to exceed-7 kHz to yield a negativeRes! This
deviated noticeably from the experimental spectrum. Likewise, result is also consistent with the known signs@f(63Cu) in
reasonable agreement between the two-site simulation and thgjnegar bis(tribenzylphosphine)cuprate salts from NMR measure-

experimental line shape was obtained for differencesJ(?- ment$8d and in diatomic copper halides from microwave
Cu,**C) for the two sites as large as 50 Hz (i8(**Cu*C) = spectroscopy52Finally, a positivel-coupling agrees with the
700 and 750 Hz). Similar results were found for #id MAS sign of one-bondeducedcoupling constan®&involving group
NMR spectral simulations: the largest differencedig,(*>N) 14 elements and transition metéds.

that reproduced the experimental data obtained at 4.7 and 9.4 g 15\ MAS NMR, spectra acquired at 4.7 T required full
T was 4 ppm, andJ(**Cu,"N) could vary by no more than 20 gjagonalization, with significant line shape changes observed
Hz. CJ(°*3°%Cu3C) and?J(***Cu*N) in these calculations were  non altering the sign ofJ(53Cu,5N). This confirms that the
chosen somewhat arbitrarily to bel/5 of the one-bond  gigns ofJg, andRey are negative, as anticipated, based on the
J-coupling; however, they could be much smaller without negative sign ofy(1N). Employing reduced coupling con-
drastically altering the appearance of the calculated spectrum.)siant$53 one can compark(Cu,N) with IK(Cu,P) for the linear

It is interesting to note that ab initio shielding calculations predict systems, copper(l) cyanide and the bis(tribenzylphosphine)-

that the isotropic*C shielding in a disordered CuCN chain is cuprate catioR®dto obtain values of-7.72 x 10% and-+11.98
2.7 ppm more shielded than in an ordered chain; a disordered, 121 N A~2 m~3, respectively. The like signs and relative

N site is calculated to be 3.7 ppm more shielded than the magnitudes conform to predictions within a given group of the

ordered analogue. Periodic table?2
Additional clues to the spectral effects of multiple sites come
from the 13C MAS NMR spectrum recorded at 18.8 7. (= Conclusions

201.2 MHz) (Figure 5). The experimental isotropic band shape
cannot be reproduced by a sindRC site. Furthermore, the
intensity distribution demands not only a chemical shift differ-
ence but also a difference in values!df¢3Cu°C). Although

it would be pointless to attempt rggorous simulation of the

Drawing on these NMR and NQR data, a consistent picture
of the structure of solid copper(l) cyanide emerges. Béth
and'®>N MAS NMR spectra exhibit largé-couplings to copper
nuclei, indicating that all cyanides act as bridging ligands. The

line shape (e.g., considering explicitiyly 1J and?J, there are (51) Hoeft, J.; Nair, K. P. RZ. Naturforsch.1979 34a 1290-1295.
16 sites, and 17 independent parameters!), a two-site model (52) Hensel, K. D.; Styger, C.;'dar, W.; Merer, A. J.; Gerry, M. C. L.
offers a reasonable fif,with the “ordered” site possessiidg, J. Chem. Physl993 99, 3320-3328.

_ - - (53) Thereduced coupling constank(N, N'), is useful for comparing
=152 ppm*l‘].(eacuvlac) - 690 HZ' and?J(**Cu/*C)| = 210 signs and magnitudes of couplings between various nuclei, as it incorporates
Hz, and the “disordered” site havirdg, = 150 ppm,}J(63Cu,l*C) the respective magnetogyric ratiok{N, N') = 472J(N, N')/hynyn-.
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internuclear distances can be estimated from dipolar coupling kHz increments through the entire region. The probe was retuned at
constants, yieldingcyc~ 1.88 A andrcyn &~ 1.92 A. While each.frequgncy, and a solid (Hahn) gcho sequen(fe,ﬂelSO"—r—_
the uncertainties in these numbers are large, they establishacauire with extended phase cycliffigwas employed to obtain
unequivocally the connectivities. Carbon-13 and nitrogen-15 undistorted echoes. The recycle delay was 0.5 s, and the bandwidth of
NMR spectra of nonspinning samples are characteristic of € 'SOft" 90 and 180 pulses 15us) excited only a fraction of the

. . . - - total line width about each resonance position, effectively defining the
axially symmetric chemical shielding tensors, thus providing

. . . relative amplitudes at these frequency points. The resft&i@u NQR
strong evidence for a linear molecular arrangement. Finally, the spectrum is simply the Fourier transformed spatho amplitude,

multiplicity of resonances detected in copper-63/65 NQR spectra plotted as a function of these designated frequencies.

suggests that there exist three types of copper environments: Nuclear Magnetic Resonance SpectroscopyCarbon-13 NMR
C—Cu—N, N—Cu—N, and C-Cu—C. The only structure that  spectra were collected in three applied magnetic fields, corresponding
satisfies all of these requirements involves linear polymeric to the following *C Larmor frequencies: 50.33 (Bruker MSL-200;
chains of the formfCu—C—N—],,, where cyanide groups are  Bo=4.7 T), 100.63 (Bruker AMX-400B, = 9.4 T), and 201.22 MHz
disordered in a “head-tail” fashion. (Varian INOVA,; By = 18.8 T). MAS spectra were acquired at room

More generally, this study serves to demonstrate the type of [EmPerature by single pulse excitation, typically employing&%0
information that is available from routine, one-dimensional PU/SeS separated by a 60 s recycle delay. Spectra of a nonspinning

. B . sample were excited by short pulses corresponding to sma&l°)
NMR experiments of solids. The success of magic-angle flip angles, and with relaxation delays of up to 15 min. Chemical shifts

spinning NMR in determining the structure of solid CUCN  4re reported with respect to TMS, using the methine carbogs=
highlights its particular utility in probing local molecular 42950 ppm) in solid adamantane as a secondary reference. The time-
environments and providing information about connectivities domain data were treated with 100 Hz exponential multiplication prior
and bond lengths. Anisotropic nuclear shielding can also be to Fourier transformation.

useful in establishing local symmetry, based on the appearance Nitrogen-15 NMR spectra were acquired at 20.29 and 40.55 MHz
of NMR powder patterns collected from nonspinning samples. With use of Bruker MSL-200 and AMX-400 spectrometers. A pulse
Invaluble information from NQR includes quadrupole frequen- duration of 6.0us corresponded to S(xcitation, and 1 min recycle
cies, on the basis of which different copper chemical environ- delays were used for MAS experiments. For spectra of nonspinning

. - . - L samples, longer recycle delays (3 min) were used, as well as shorter
g:‘eszi;r?ng'?es;liglsdfct)lp%vﬁgﬁ dlé\r/gghstigzIgr?:\:\gggalgng(r)gar?gf excitation pulses~30°). Chemical shifts were referenced with solid

i < ‘ . INH;NO;, the isotropic chemical shift of which resonatest&t3.80
avallablg, itis e>'<pected thgt nuclear resonance techmgueg W'”ppm with respect to liquid ammonia at 2C. Magic angle spinning
play an increasingly prominent role in structural elucidation. free induction decays were processed with 50 Hz Lorentzian line-

broadening, whereas stationary spectra received 250 Hz line-broadening.
Experimental Section To establish meaningful comparisons between experimental and
calculated MAS line shapes, it is necessary to construct an “isotropic
MAS powder spectrum” by adding spectral intensity located in spinning
sidebands to the centerbatféThis was done for al’C and**N MAS
spectra prior to attempting line shape calculations.

NMR Spectral Calculations. Calculations of the NMR line shapes
utilized WSolids and QUADSPIN, both C programs developed in this
laboratory incorporating either first-order perturbation theory or full-
matrix diagonalization of the Zeeman-quadrupolar Hamiltonian for the
dipolar-coupled quadrupolar nucletisPowder averaging was per-
formed by using the POWDER algorithth.

Sample Preparation. Isotopically enriched samples of copper(l)
cyanide were prepared by a modification of the method of Barber.
An aqueous solution of NaHS{0.503 g in 3 mL) was added to a
copper(ll) sulfate solution (1.801 g in 10 mL@) and acidified with
HCI. Isotopically enriched potassium cyanide (6.8 mmol of'®Cor
K13CI5N (Isotec, Inc.), as appropriate), dissolved in water (3 mL), was
added slowly, with stirring. The mixture was filtered and washed with
boiling water and ethanol, and air-dried under suction for 2.5 h. The
resulting white solid was dried in a desiccator overnight and then by

Pneeazﬁgg Itn an I(I)II batg at éO&;;;de_r It:jlg? vacuuml fora %ay. This Ab initio Calculations. Chemical shielding and electric field gradient
ypically produced a 70% yield o copper(l) cyanice. calculations were performed with use of Gaussiaff 84the Hartree
Samples prepared in this way were characterized by Raman ooy jevel of theory, with nuclear shieldings evaluated by GIAO
spectroscopy, with the observation of a smg(€4N) peak for e?ch (gauge-independent atomic orbiti&Carbon and nitrogen atoms were
|sot§>pl|;: variant preslent in thlf powder: J@Dll N (2169 gnzs)' represented by a 6-3315(d) basis set, copper atoms by 3-21G(d). A
CU2CIN (2135 cm ). Cu.lsc N (2123 cm?), and C&*C™N variety of atomic arrangements were designed to explore the shielding
(2087 cn11).5° No discoloration of the sample due to the presence of and EFG characteristics of neutral (CuGN)pe chainsif = 1—4).
copper(ll) impurity was observed, and no peaks attributable t0 excesSpe concjusions in this work are based on linear chain fragments of

KCN appeared in the Raman or NMR spectra. Cw(CN)y; the addition of extra atoms in the chain or in adjacent chains
NQR experiments were carried out on a natural abundance samplepaq only a minor influence on the properties of interest. For example,
obtained from Aldrich Chemical Co. Some NMR measurements were cN—cu—CN—Cu and NC-Cu—NC—Cu were taken to mimic “or-

also performed on a commercial sample of 9§%-enriched CuCN dered” chains with properties derived from the atoms in italics.
(Isotec, Inc.). “Disordered” analogues assumed the forms-Nili—CN—Cu and

Copper-63/65 Nuclear Quadrupole Resonance SpectroscoS§Cu
and®Cu quadrupole frequencies were obtained at ambient temperature (56) Kunwar, A. C.; Turner, G. L.; Oldfield, El. Magn. Reson1986
with use of a Bruker CXP console pulsing into a probe arrangement 124 124-127.

~ . (57) Eichele, K. E.; Wasylishen, R. E.; Grossert, J. S.; Olivieri, AJC.
that was well-removed from the magnet§ m) and shielded from Phys. Chem1995 99, 10110-10113.

extraneous magnetic and radio frequency interference by a mumetal (5g) Alderman, D. W.; Solum, M. S.; Grant, D. M. Chem. Phy<198§
container. The quadrupole frequency range scanned was determined4, 3717-3725.

from previous NQR studies of Cu(l) systefisThe location of both (59) Gaussian 94, Revision B.2: Frisch, M. J.; Trucks, G. W.; Schlegel,
83Cu and®®Cu isotope resonances (related by the ragi@*Cu)ho(6Cu) H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
= 1.081) verified that true copper NQR frequencies were being Keith, T.. Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;

Al-Laham, M. A.; Zakrewski, V. G.; Ortiz, J. V.; Foresman, J. B,
observed. Due to the broad CUCN quadrupole resonances observed OVE&iqsiowski. J. Stefanov. B. B.- Nanayakkara, A.; Challacombe, M.; Peng

the 34-45 MHz frequency range, the complete spectrum was acquired ¢, Y.; Ayala, P. Y.; Chen, W.: Wong, M. W.; Andres, J. L.; Replogle, E.
in a point-by-point fashion, stepping the spectrometer frequency in 100 S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.,
(54) Barber, H. JJ. Chem. Socl943 79. Gaussian, Inc.: Pittsburgh, PA, 1995.
(55) (a) Bowmaker, G. AAdv. Spectroscl1987 14, 1-117. (b) Lucken, (60) (a) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. Sod.990
E. A. C. Z. Naturforsch.1994 493 155-166. 112 8251-8260. (b) Ditchfield, RMol. Phys.1974 27, 789-807.
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CN—Cu—NC—Cu. Bond lengths were chosen according to estimates R.E.W. is grateful to the Canada Council for a Killam Research
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