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The structure of silver cyanide has been investigated by solid-state multinuclear magnetic resonance spectroscopy.
Carbon-13 and nitrogen-15 NMR spectra of magic-angle-spinning (MAS) and stationary powder samples of isotopically
enriched Ag™CN, Ag®*C®™N, and AgC™N have been acquired at the external applied magnetic field strengths 4.7,
7.05, and 9.4 T. Axially symmetric carbon and nitrogen chemical shift (CS) tensors provide evidence for linearity
of the polymeric (~Ag—CN-), chains. A two-site model is required to successfully simulate the *C MAS NMR line
shape, which is dominated by indirect nuclear spin—spin coupling between 1%197Ag and *3C nuclei. In combination
with relativistic zeroth-order regular approximation density functional theory (ZORA-DFT) calculations on model
AgCN fragments, the *C MAS NMR results show that 30 + 10% of the silver sites are disordered, that is, either
—NC-Ag—CN- or —-CN-Ag—-NC-, and 70 + 10% of the silver sites are ordered, that is, -NC—Ag—NC-. Effective
dipolar coupling data extracted from 3C NMR spectra of stationary samples allow an upper limit of 1.194 A to be
placed on the carbon—nitrogen internuclear distance. After incorporation of the effects of anisotropic indirect nuclear
spin—spin coupling and motional averaging on the NMR-derived distance, a corrected value of rey =
1.16 + 0.03 A is obtained. This work provides an example of the type of information which may be obtained from
solid-state NMR studies of disordered materials and how such information may complement that available from

diffraction studies.

Introduction

Applications of transition metal cyanides are widesprea

in chemistry, with recent interest in such diverse areas as

molecular magnetisin* and the synthesis of porous su-
pramolecular assembli€s!? Several recent papers have
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examined specifically the chemistry of silver cyanides and

d gold cyanided? 18 including the observation of strong

photoluminescence in solutions of K[Au(Cil) and
K[Ag(CN),].*° Cyanc-silver and cyane-gold bonds are also
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Table 1. Definition of Sites and Models Discussed for Silver Cyanide

environment model for the ZORA-DFT calculation

about Ag of 1J(109107a g 13C)
ordered “—NC—Ag—NC-" NC—-Ag—NC—Ag (model I)
disorderefl “—NC—Ag—CN—" NC—Ag—CN—Ag (model II)
“—CN—Ag—NC—"

aWe define cyanide heagail “order” as the case where all cyanide
groups are oriented in the same direction within a given AgCN chain, i.e.,
in a parallel manner. Thus, in the case of a perfectly “ordered” silver cyanide
chain, all silver atoms lie in sites of the type shown here, where Ag is

bonded to one carbon atom and one nitrogen atom (see also model A in

Table 4).> We define cyanide heagtail “disorder” as the case where there
is not perfect parallel ordering of the cyanide groups within a given AGCN
chain. Thus a “disordered” silver site refers to the situation shown here,
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disorder in AQCN, and their model correlation functidi,),
incorporates the assumption of random ordering of the CN
groups.

Hibble suggests that a nuclear magnetic resonance study
of AgCN may be useful in providing additional information
from a different perspective on the structure of AgCN, in
particular the headtail cyanide disorder. Solid-state NMR
is indeed well-suited for probing disordered materials and
has been applied to elucidate the structure and nature of the
disorder in solid copper cyanidé Beneficial insights into
the structure and bonding in several ordered, crystalline
cyanometalates have also been provided by solid-state

where Ag is bonded to either two carbon atoms or two nitrogen atoms. We multinuclear magnetic resonan®e?’ Through the analysis

note that in the context of these definitions it is possible to have a perfectly
“disordered” AgCN chain wherein the orientation of each cyanide moiety

of second-rank NMR interaction tensors such as chemical

alternates with respect to its nearest neighbor, resulting in an antiparallel shift (CS) tensors, direct dipolar coupling tensors, and indirect
arrangement of cyanides. Nevertheless, this antiparallel arrangement ispyclear spiﬁspin coupling tensors][, the opportunity exists

labeled as 100% disordered for the purposes of discussion (see model D in

Table 4).

under favorable circumstances to provide information on
molecular geometry, connectivity, and ordering in solid silver

of importance in the self-assembled metal colloid monolayer cyanide. _
approach to surface-enhanced Raman scattering experi- In the present work, we present¥ and*N solid-state

ments2°

Interestingly, the structures of some “simple” inorganic
compounds are not well understood, for example, silver
cyanide, AgCN, and gold cyanide, AUCN. Only recently has
the structure of solid copper cyanide been determfhed.
Characterization of these prototypal transition metal com-
plexes is of importance to provide a foundation for the
understanding of more complex structures.

In 1999, Bowmaker et al. published powder neutron
diffraction structures of AUCN and AgCN and found that
both systems exist as “infinite” linear chains of alternating
metal and cyanide moietié3Silver cyanide was found to

NMR study of various isotopomers of silver cyanide: AgCN
in natural abundance, A¥N (99%), A¢3C**N (99%), and
AgC*™N (99%). The study of several isotopomers at three
different external applied magnetic field strengths will allow
for a precise determination of several important NMR
parameters which may be interpreted to provide information
on the structure of silver cyanide. In particular, the present
work endeavors to provide structural information which is
complementary to the neutron diffraction studies, to resolve
the discrepancy of 0.1 A in the reported carbaitrogen
bond lengths from these studies, and to provide a clearer
picture of the nature of the disorder in silver cyanide.

be translationally disordered, with adjacent chains displaced Theory

along their long axis relative to each other. However, the
possibility of so-called cyanide “headail” disorder, that
is, ~CN—Ag—CN-— versus—NC—Ag—CN-— versus—CN—

There are five spin-active isotopes to consider when
carrying out solid-state NMR spectroscopy of silver cya-
nide: 1°Ag (I = /5, NA = 48.18%),%7Ag (I = Y/,, NA =

Ag—NC— (see Table 1), was not addressed. In the present51_82%),lgc (I = Yy, NA = 1.108%) 55N (I = Uy, NA =

work, we define an ordered silver site to be one for which

the two directly bonded cyanide groups are oriented in the

0.37%), and™N (I = 1, NA = 99.63%). By selectively
isotopically enriching the carbon and/or nitrogen sites,

same direction such that the silver atom is bonded to one yifterent and complementary information may be obtained
carbon atom and one nitrogen atom. Similarly, a disordered f,om NMR experiments.

silver site is defined as one which is bonded to either two
carbon atoms or two nitrogen atoms (see Table 1).

In 2002, Hibble and co-workets carried out a total
neutron diffraction study of AGCN and reported bond lengths,
agc = fagy = 2.06 A andrey = 1.16 A, which differ
significantly from those determined by Bowmakeggc =
2.15(6) A,ragy = 1.86(8) A, and'cny = 1.26(9) A. The study
of Hibble makes reference to the possibility of hedail
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The NMR interactions of interest in the present work are
the direct dipolar interaction, the indirect nuclear spspin
(J) coupling interaction, and the chemical shift (CS) interac-
tion. Each of these interactions has the ability to provide
unique information on the structure of silver cyanide.
Direct Dipolar and Indirect Nuclear Spin —Spin Cou-
pling Interactions. The direct dipolar coupling interaction
is analogous to the classical magnetic interaction between
two bar magnets and depends intimately on the motionally
averaged inverse cube of the internuclear distance of the two
coupled nuclei[d;,30] This interaction is quantified by the

(24) Wu, G.; Kroeker, S.; Wasylishen, R.IBorg. Chem1995 34, 1595—
1598.
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direct dipolar coupling constanRpp: Considerable simplifications result for heteronuclear spin
pairs in an axially symmetric environmetit?62°37as is the
Rop = @anﬂm 1) case for the!3C—15N spin pair in AGZC*N; the effective

4t 27 dipolar coupling constant manifests itself as a readily

Here, 7, andy. are the magnetogyric ratios of the coupled measurable splitting in the stationary powder pattern.
nuclei.
The J coupling interaction may be described as the sum

of isotropic, Jso, and anisotropicAJ, parts. The isotropic Sample Preparation. A typical synthesis of silver cyanide
coupling constant is well-known from solution NMR spec-  jnyolved mixing equimolar amounts of silver nitrate (5.06 g, 29.8
troscopy, where it manifests itself as a field-independent mmol) and potassium cyanide (1.98 g, 30.4 mmol) dissolved in
splitting. The Hamiltonian describing the anisotropic part of water. Upon mixing, silver cyanide precipitates immediately as a
theJ coupling tensor is identical in form to the Hamiltonian white powder. The product was collected by filtration, washed
describing the direct dipolar interactidhand as a result,  several times with water and ethanol, and dried on a high-vacuum
the two interactions cannot be separated. This phenomenorine. For the natural-abundance sample, IR spectra (Nujol mull)

Experimental and Computational Details

is represented by the fo”owing equation, were recorded, giving peaks at 2163 and 478 %mwhich have
been assigned previously to-@! stretching and AgC bending

_ _AJ > modes, respectiveR?. Preparations of'3C- and *N-enriched

Retr = Roo 3 2) samples, AHFCN (99%), AgC®N (99%), and AGCN (99%),

) ] ] ) were carried out using the appropriate 99% isotopically enriched
where theeffectve dipolar coupling constantRes, is the potassium cyanide.

quantity which is measured experimentally. Thus, when  gqjiq.state NMR Spectroscopy.Carbon-13 NMR spectra of
attempting to extract internuclear distances from solid-state gq)ig AGiCISN (MAS and stationary) were acquired at 4.7 T
NMR experiments, two issues must be considered: (i) the (,, (13c) = 50.33 MHz) on a Chemagnetics CMX Infinity 200
magnitude ofAJ and (ii) the extent to which motional  spectrometer usgna 5 mm(rotor 0.d.) MAS probe, at 7.05 T
averaging affect®pp. (v.(*3C) = 75.43 MHz) on a Bruker AM300 spectrometer using a
Chemical Shift Interaction. Typically the dominant NMR 7 mm (rotor 0.d.) MAS probe, and at 9.4 ¥ (*3C) = 100.6 MHz)
interaction in the spectra of spify nuclei is the chemical ~ on a Bruker AMX400 spectrometer ugim 4 mm(rotor 0.d.) MAS
shift (CS) interaction. The chemical shift interaction is Probe. For all spectrometers, adamantane was used as an external
properly described by a second-rank tensor. In its principal °C reference, with peaks at 38.56 and 29.50 ppm relative to TMS.
axis system, the symmetric part of the CS tensor may pe The magic angle was set by_maxwruzmg_the number of rotational
described by three principal componenis; = 02 > Oz, echoes in théNa FID of s_olld sodium nitraté® Carbon-137/2
The isotropic chemical shiff)s, is the average of these three pU|Se. widths were approximately 54 on all spectrometers. n
components. It is also convenient to define two derived practice, shorter pulses (€. &) were used to acquire spectra of

. . . stationary samples in order to provide a more uniform and complete
quantities, the spart) and the skew«), which help in excitation of the powder pattern. Recycle delays were typically

describing the CS tensor: 100-200 s. A variety of MAS rates ranging from 2.1 to 7.6 kHz
Q=5.-9 ?) were employed. Carbon-13 NMR spectra of MAS and stationary
U samples of solid AFCN were also acquired at 4.7 and 9.4 T.
3(09y — Oic0) Nitrogen-15 NMR spectra of solid AgeN and AgC'>N were
=—a 4) acquired at 4.7 Ty (*N) = 20.29 MHz) and 9.4 T (!*N) =

40.6 MHz) using the same 5 and 4 mm MAS probes described

For an axially symmetric CS tensor, there are only two 2bove. The®N ammonium resonance of solidNH,"*NO; was

unique principal components which are commonly repre- used as an external reference and set to 23.8 ppm with respect to
sented a®, and .. In such casesc = +1 neat ammoni&8 Nitrogen-15 labeled ammonium nitrate was also

Dipolar —Chemical Shift Method. For an isolated AX used to establish théN /2 pulse width as approximately 5.*3

in pair, the dipolarCS method allows, under favorable on both spectrometers. Recycle delays were-ZD s. A variety
sP p ' . T . of MAS rates ranging from 2.5 to 6.2 kHz were employed.
conditions when symmetry dictates the orientation of one

of the _pr|r_1C|paI compongnts .Of the CS.tensor' for the (31) VanderHart, D. L.; Gutowsky, H. S.; Farrar, T. &.Chem. Phys.
determination of the effective dipolar coupling constant, the 1969 50, 1058-1065.
principal components of the CS tensor, and the orientation (32) Lln7doer, M.; Hdhener, A.; Ernst, R. RI. Chem. Phys198Q 73, 4959-

. . 6 4970.
of the CS tensor with respect to the dipolar veéfof (33) Zilm, K. W.: Grant, D. MJ. Am. Chem. Sod981, 103 2913-2922.
(34) Eichele, K.; Wasylishen, R. B. Magn. Reson., Ser. 2994 106,
(28) Wasylishen, R. E. liEncyclopedia of Nuclear Magnetic Resonance 46—56.
Grant, D. M., Harris, R. K., Eds.; Wiley Inc.: Chichester, UK, 1996; (35) Lumsden, M. D.; Wasylishen, R. E.; Eichele, K.; Schindler, M.; Penner,
pp 1685-1695. G. H.; Power, W. P.; Curtis, R. DJ. Am. Chem. Sod994 116,
(29) Wasylishen, R. E.; Curtis, R. D.; Eichele, K.; Lumsden, M. D.; Penner, 1403-1413.
G. H.; Power, W. P.; Wu, G. IMNuclear Magnetic Shieldings and (36) Wasylishen, R. E.; Penner, G. H.; Power, W. P.; Curtis, Rl.[Am.
Molecular StructureTossell, J. A., Ed.; NATO ASI Series, Series C: Chem. Soc1989 111, 6082-6086.
Mathematical and Physical Sciences; Kluwer Academic Publishers: (37) Dickson, R. M.; McKinnon, M. S.; Britten, J. F.; Wasylishen, R. E.
Dordrecht, 1993; Vol. 386, pp 297314. Can. J. Chem1987, 65, 941-946.
(30) VanderHart, D. L.; Gutowsky, H. 9. Chem. Phys1968 49, 261— (38) Bryce, D. L.; Bernard, G. M.; Gee, M.; Lumsden, M. D.; Eichele, K.;
271. Wasylishen, R. ECan. J. Anal. Sci. Spectros2001, 46, 46—82.
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Spectral simulations were carried out using the programs
WSOLIDSZ® and HBA?° both of which were developed in our
laboratory. The HBA program is based on the method of Herzfeld
and Berget! for the determination of the principal components of
chemical shift tensors for spitl; nuclei from spectra of MAS
samples.

ZORA-DFT Calculations. Indirect nuclear spifrspin coupling
tensors were calculated using the CPL coupling mdduleof the
Amsterdam density functional progrdhd’ running on an IBM
RS6000 workstation or a PC with an AMD Athlon microprocessor.
The couplings are calculated on the basis of the sprbit rela-
tivistic ZORA-DFT implementation of Autschbach and Ziegfet?

The Fermi-contact (FC), spin-dipolar (SD), and diamagnetic and
paramagnetic sptnorbit (DSO and PSO) coupling mechanisms
were included in the calculations. All DFT calculations used the
VWN*“8 + Becke88° and Perdew886 generalized gradient approx-
imation (GGA)#2 The triple-polarized ADF ZORA V Slater-type
basis sets available within the ADF package were used on all atoms

Simple models for the infinite linear chain structure of silver

Bryce and Wasylishen

iso

el A
8
kHz
Figure 1. Carbon-13 NMR spectrum of sol{dC- and!>N-enriched (99%)
silver cyanide, A§C15N, acquired at 4.7 T with an MAS rate of 6.20 kHz.
The spectrum is the sum of 336 scans acquired with a recycle delay of 200
s. The axial symmetry of the spinning sideband pattern is indicative of the
linearity of the AgCN chains. The asymmetric doublet arises as a result of

24 16 0 -8

‘cyanide “headHtail” disorder and indirect nuclear spitspin coupling to

the abundant®®Ag and1%7Ag isotopes (see text and Figure 2).

cyanide were used to provide some insight into the dependence of

the silver-carbonJ coupling on the local structure. To this end,

Table 2. Solid-State NMR Results for Silver Cyanide

calculations based on the bond lengths reported by Hibble%t al. carbon nitrogen
(age = Tagn = 2.06 A andrey = 1.16 A) were carried out for the Segppm 1571 12 249+ 1
two models shown in Table 1. By calculating the silvearbonJ do/ppm 276+ 2 3944 2
coupling for these two models, the effect of changing the orientation olppm —-79+3 —41+ 10
of the nearest neighbor cyanide moiety may be isolated. Co(**N)/MHz" —29£10
Ret(13C, N)/Hz —1800+ 50
ren/A 1.16+ 0.0F

Results and Discussion

a Simulations of3C NMR spectra of stationary samples are based on a
one-site model. Simulations C MAS NMR spectra required the use of

A 13C NMR spectrum of solid A@C15N acquired at 4.7 T a two-site model using the data given in Tablé 3he electric field gradient
asymmetry parameter;, was set to zero in accordance with the linear

and with an MAS Ifa,‘te of 6,'20 kHZ IS presenFed !n F|gur§ 1 geometry of AGCN<E See text for a discussion of the corrections made to
Under these conditions, direct dipolar coupling interactions Rr.; to obtain this bond length.

between the*C and1°919Ag nuclei and between th&C

and®N nuclei are averaged to zero and do not contribute to —79 £ 3 ppm, are identical within error to those reported
the observed spectrum. In combination with oth€ MAS for copper cyanideg; = 267 + 10 ppm and);, = —84 +
NMR spectra obtained at a variety of MAS rates and field 10 ppm. The large deshielding perpendicular to the AgCN
strengths, analysis of this spectrum by the method of Herzfeldand CuCN chains is due to paramagnetic contributions to
and Berger provides the principal components of the carbonthe nuclear magnetic shielding tensor, as discussed for

Carbon-13 Magic-Angle-Spinning NMR Spectroscopy.

chemical shift tensor (Table 2). The axial symmetry of the
carbon CS tensori(= +1.0) implies a linear environment
at carbon, which is in agreement with the conclusions of
Bowmake?? and of Hibbl&® that silver cyanide exists as
infinite linear chains. The principal components of the carbon
CS tensor for silver cyanidég = 276 + 2 ppm andd, =

(39) Eichele, K.; Wasylishen, R. BVSOLIDS1 NMR Simulation Package
version 1.17.30; Dalhousie University and University of Tuebingen:
2001.

(40) Eichele, K.; Wasylishen, R. EHBA, version 1.4.4; Dalhousie
University and University of Tuebingen: 2001.

(41) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021-6030.

(42) Autschbach, J.; Ziegler, T. Chem. Phys200Q 113 936-947.

(43) Autschbach, J.; Ziegler, T. Chem. Phys200Q 113 9410-9418.

(44) Dickson, R. M.; Ziegler, TJ. Phys. Chem1996 100, 5286-5290.

(45) Khandogin, J.; Ziegler, TSpectrochim. Actd999 A55 607-624.

(46) ADF 2000.01, Theoretical Chemistry, Vrije Universiteit, Amsterdam,
http://www.scm.com.

(47) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51.
(b) Versluis, L.; Ziegler, TJ. Chem. Physl988 88, 322-328. (c) te
Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98. (d)
Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; BaerendsJ Eedr.
Chim. Acc.1998 99, 391-403.

(48) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
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(49) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
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CuCN#

Shown in Figure 2a is the reconstructed isotropic resonance
of the spectrum shown in Figure 1; that is, the sidebands
have been summed into the centerband to provide the total
13C MAS NMR line shape. The isotropic resonance appears
as an asymmetric doublet with an approximate splitting of
280 Hz. To determine the origin of the asymmetric doublet,
3C MAS spectra acquired at 7.05 and 9.4 T were also
examined, and it was found that the splitting (in Hz) is field
independent and maintains its asymmetry. The fact that it is
field independent indicates that the splitting arises because
of J coupling between carbon and silver rather than because
of significantly different carbon chemical shifts for different
sites in AgCN. Indeed, the approximate splitting of 280 Hz
is within the typical range observed for one-boltAg—
13C coupling constants, approximately 10820 Hz>!

If there were perfect head-to-tail cyanide ordering in
AJCN, wherein all cyano moieties are oriented in the same
direction (i.e., in a parallel orientation) such that all silver
atoms are directly bonded to one carbon atom and one

(51) Zangger, K.; Armitage, |. MMetal-Based Drug4999 6, 239-245.
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(a) Expt. (a) Expt.
simulated simulated
broadened broadened

1 site 2 sites

'} J('°7Ag,”C)
simulated J('”Ag,"C) simulated
1 site \ A 2 sites
8.6 8.2 7.8 74 7.0 8.2 7.8 7.4

kHz kHz
Figure 2. (a) Experimentat®’C MAS NMR isotropic resonance (the MAS

bound to the silver atom significantly influences the NMR
spectrum of the®C nucleus under consideration. This
corresponds to the existence of both ordered and disordered
sites (see Table 1). This model neglects small longer-range
effects on the®C NMR interaction tensors, such as those
induced by interchain translational disorder. Shown in Figure
2 is a simulated unbroaden&€C MAS NMR spectrum based

on two sites with approximately identical chemical shifts,
157.0 ppm (site 1) and 157.8 ppm (site 2), and significantly
different silver-carbon spin-spin coupling constants. For
site 1, Jiso(*°°Ag,13C) is +(297 & 15) Hz, and for site 2,
Jiso(1?°Ag,*3C) is £(201 £ 15 Hz) (Table 3). The simulation

spinning sidebands have been added to the isotropic centerband as describedlso incorporatesiso(*°’Ag,**C) coupling, as fixed by the

in the text) for AG3C'®N. The simulated isotropic resonance of €
MAS NMR spectrum of solid A§CN based on a typicaliso(*°°Ag,**C)
of 280 Hz and the correspondirdig,(1°’Ag,13C) 243 Hz is shown on the
left for a single carbon site. Thicoupling betweeA3C and the two silver

isotopes results in four peaks, as shown in the unbroadened spectrum. Th

asymmetry of the reconstructed experimental isotréjiaresonance shown

relative magnetogyric ratios 6f°Ag and'°’Ag. The simu-
lated broadened two-site spectrum shown in Figure 2 agrees
with the experimental spectrum only when the two sites are

Sveighted in the ratio 7@ 10% (site 1) to 3Gt 10% (site

in part (a) cannot be reproduced on the basis of a one-site model, asz)-

evidenced by the disagreement between the experimental spectrum and the
broadened “one-site” simulated spectrum. The simulated isotropic resonances

of the 13C MAS NMR spectrum of solid ABC'N based on a two-site
model, where the isotropic chemical shift and sitvearbonJ coupling
are slightly different for carbon sites depending on the orientation of the

nearest neighbor cyanide ligand, are shown on the right. The experimental

spectrum is successfully simulated as the sum of two disti@sites in
the approximate ratio 2:1. See text for details.

nitrogen atom (see Table 1), then the experimental spectrum

shown in Figure 2 would be successfully reproduced by
considering only the carbon isotropic chemical shift and the
indirect nuclear spirspin coupling betweelC and%910Ag.
One-bond coupling constants f&C and**N are generally
less than 20 Hz in magnitudé&,>* and thus, these couplings
merely serve to slightly broaden thEC MAS NMR
spectrum. A simulated®C isotropic resonance based on a
single carbon site and a value of 280 Hz fi§#%°Ag,**C)
and 243 Hz fod(**’Ag,*%C) (because the magnetogyric ratios
of 1%%Ag and1%’Ag are fixed and differ by about 15%) is

The observation of silvercarbon coupling implies silver
carbon connectivity and indicates that the cyanide groups
are in a state of static disorder rather than dynamic disorder.
That is, any reorientation of CN groups is slow with respect
t0 1Jiso(109107Ag,13C)~t at room temperature. This conclusion

is identical to what has been found for solid Cu&nd
contrasts with the situation in solid alkali metal cyanides,
where the cyano groups are indeed in a state of dynamic
disordere®:56

Shown in Table 4 are various cyanide ordering scenarios
for an “infinite” chain of AQCN. If the cyanide ligands are
completely ordered such that all cyanide groups are oriented
in the same direction and all silver atoms are bonded to one
carbon and one nitrogen (model A), only one type of carbon
site would be apparent in th6C MAS NMR spectrum.
Model D features cyanide ligands of alternating orientation
such that all silver atoms are in disordered sites and each

shown in Figure 2. On the basis of the natural abundancessimilarly has only one carbon site which would also give

of the spin-active silver isotopes, 48.18% of fi€ nuclei
areJ coupled to'°°Ag, while 51.82% of thé*C nuclei are

J coupled to'%’Ag. The very similar magnetogyric ratios and
natural abundances 8$°Ag and 1°/Ag therefore result in
the two almost overlapped doublets of similar intensities

rise to a single resonance in tR€ MAS NMR spectrum.
The true percentage of ordered and disordered silver sites
therefore lies between these two extremes such i@t
resonances from both NGAg—CN and NC-Ag—NC sites
have been observed. On the basis of the NMR data, we may

shown in the unbroadened simulated one-site spectrum.conclude that the true ordering scenario is approximately as
When this spectrum is broadened, a symmetric doublet isshown in either model B or C. Here, ratios of 1:2 and 2:1

obtained, in disagreement with the experimental spectrum.

have been used to represent the two types of carbon sites;

Reproduction of the asymmetry of the experimental doublet this, within experimental error, is what has been observed.

is impossible on the basis of a completely ordered AgCN
structure wherein all carbon sites are equivalent.

Certainly, 19919Ag MAS NMR of solid silver cyanide
would provide great insight into the nature and distribution

The experimental isotropic resonance is successfully fit of the silver sites. While both silver nuclei are approximately
at three applied magnetic field strengths using a two-site 50% abundant®®19Ag NMR of silver cyanide poses several

model (Figure 2). A two-site model corresponds to the
simplest situation, where, for a given A€ spin pair, only

challenges. First, the resonance frequency'®4g in a
magnetic field of 9.4 T is only 18.7 MHz, resulting in

the orientation of a second nearest-neighbor cyanide ligandtechnical difficulties such as probe ringing. Second, the coils

(52) Friesen, K. J.; Wasylishen, R. E. Magn. Reson1982 48, 152—
154.

(53) Eichele, K.; Wasylishen, R. Bolid State Nucl. Magn. Resat092
1, 159-163.

(54) Barszczewicz, A.; Helgaker, T.; Jasski M.; Jargensen, P.; Ruud,
K. J. Magn. Reson., Ser. 2995 114, 212-218.

in many NMR probes contain silver, thus introducing a

(55) Wasylishen, R. E.; Jeffrey, K. R. Chem. Phys1983 78, 1000~
1002.

(56) Wasylishen, R. E.; Pettitt, B. A.; Jeffrey, K. R.Chem. Physl981,
74, 6022-6026.
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Table 3. Experimental and Calculated Silve€arbon Indirect Nuclear SpirSpin Coupling ConstantdJiso(1°°Ag,13C) for Silver Cyanide

iso(19%Ag,1*C)/Hz

difference itJiso(1°°Ag,13C)/Hz

13C MAS NMR
ZORA-DFT

(—)297+ 15 (site 1)
—308 (model I)

()201+ 15 (site 2)
—234 (model Il averag®

96+ 30
74

aThis represents the averageoupling for both carbon nuclei coupled to silver in model II.

Table 4. Cyanide “Head-Tail” Ordering in Silver Cyanide

% of 13C NMR-active silver sites

model C—Ag-C C—Ag—N % Ag in disordered sités

A ...C—Ag—NC—Ag—NC—Ag—NC—-Ag—NC—Ag—NC—Ag—NC— 0 100 0
Ag—NC—Ag—NC—Ag—NC—Ag—NC—Ag—NC—Ag—N...

B ...C—Ag—NC—Ag—CN—Ag—NC—Ag—NC—Ag—NC—Ag—NC— 33 66 33
Ag—NC—Ag—NC—Ag—CN—Ag—NC—Ag—NC—Ag—N...

C ...C-Ag—NC—Ag—CN—Ag—NC—Ag—CN—Ag—NC—Ag— 66 33 66
NC—Ag—CN—Ag—NC—Ag—NC—Ag—CN—Ag—NC—Ag—N...

D ...C—Ag—CN—Ag—NC—-Ag—CN—Ag—NC—-Ag—CN—Ag—NC— 100 0 100

Ag—CN—Ag—NC—Ag—CN—Ag—NC—Ag—CN—Ag—N...

aThe percentages listed here are attributable to the total number of silvewhitgsmay be probed by NMR obsation of directly bonded3C nuclei

Therefore, the disordered~N—Ag—N—" sites are unavoidably not included in these percentajése percentages listed here are attributable to the total
number of silver sitest As mentioned in Table 1, model D may be considered as an arrangement of perfectly antiparallel-ordered silver cyanide; however,
in the present work we use the definitions of “ordered” and “disordered”, as shown in Table 1, to refer to the silver environments. Thereforehitis true

100% of the silver sites are in disordered environments.

background signal into the spectrum. The opportunity for

the known experimental range, and tt#ferencein the

cross-polarization, an extremely beneficial technigue in the spin—spin coupling constants for an ordered site and a

acquisition of solid-state NMR spectra of dilute spip-
nuclei, from protons to silver,*® does not exist because of
the absence of protons in AgCN. An additional expected
complication for silver cyanide is a particularly anisotropic
silver CS tensor, which will cause the intensity of fi#Ag
MAS NMR spectrum to be distributed over a large spectral
width. Finally, the spir-lattice relaxation time constaiiy

of 199107Ag nuclei may be extremely large in many ca8es;
for example, thél1(1°°Ag) of silver nitratesolutionis nearly

20 min®%61 The T1(1%9Ag) in solid silver nitrate is at least
on the order of hours and may be much longfefor all of
these reasond?19Ag MAS NMR spectra of solid AGCN

disordered site, 74 Hz, is in good agreement with the
experimental value of 94 30 Hz. Site 1 from thé3C MAS
NMR simulations may be assigned to model | from the
ZORA-DFT calculations, and site 2 may be assigned to
model Il. Thus, we conclude that model B shown in Table
4 is in best agreement with thé&C MAS NMR data. Model

B features 33% of all silver atoms in disordered sites, that
is, either—NC—Ag—CN— or —CN—Ag—NC-. This is an
identical result to what was obtained in solid copper
cyanide?! If the cyanide ordering were completely random,
one would expect 50% of the silver atoms to occupy
disordered sites; thus, it may be concluded that there is a

remain elusive, despite many attempts to record such spectraneasurable preference for the cyanide groups to be ordered.

at a variety of applied magnetic field strengths.

On the basis of th#C NMR parameters determined from

To distinguish between models B and C, we make use of the analysis of A&C!N described above, a successful

the fact that the experimental valueslf(1°90Ag,13C) are

significantly different for site 1 and site 2. For this purpose,
relativistic ZORA-DFT calculations have been carried out
on simple fragments to model ordered (model 1) and

simulation of'3C MAS NMR spectra of AC*N was also
possible. For the latter isotopomer, residual dipolar coupling
between*C and the quadrupoladfN nucleusg® contributes
to the'3C MAS NMR spectrum in addition to the silver

disordered (model 1) sites (see Table 1). The results are carbon spir-spin coupling interactions described above
summarized in Table 3. The calculations do not produce for Ag!3C!*N. While the experimental uncertainties in
quantitative agreement with the experiment because of the1j,,(1091077g 13C) and the relative intensities of site 1 and

well-known difficulties associated with calculatidgensors

site 2 preclude an extremely precise measurement dffthe

as well as the simplicity of the model systems. Nevertheless, huclear quadrupolar coupling constant, a value-@t9 +

the calculated magnitudes ts,(*°°Ag,**C) are well within

(57) (a) Sebald, ANMR: Basic Princ. Prog.1994 31, 91-131. (b)
Merwin, L. H.; Sebald, AJ. Magn. Reson1992 97, 628-631.

(58) Fijolek, H. G.; Oriskovich, T. A.; Benesi, A. J.; Gorlea-Duarte, P.;
Natan, M. J.Inorg. Chem.1996 35, 797—799.

(59) Henrichs, P. M. InNNMR of Newly Accessible NucleVolume
2—Chemically and Biochemically Important Elemeniaszlo, P., Ed.;
Academic Press: New York, 1983; Chapter 12.

(60) Pfister, H.; Schwenk, A.; Zeller, . Magn. Resonl986 68, 138—
145.

(61) Granger, P. litudies in Inorganic Chemistry, Volume-1Bransition
Metal Nuclear Magnetic Resonanderegosin, P. S., Ed.; Elsevier:
Amsterdam, 1991; pp 27388.

(62) Moudrakovski, I. Personal communication.
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1.0 MHz may nevertheless be extracted from spectral

simulations. This may be compared, for example, to the value

2.284 MHz reported for the cyanate nitrogen in solid

ammonium thiocyanat®€. The asymmetry parametey, of

the “N electric field gradient tensor in AGCN was set to

zero in accordance with the axial symmetry observed for

both carbon and nitrogen (vide infra) CS tensors.
Nitrogen-15 NMR Spectroscopy.Presented in Figure 3

is an™N MAS NMR spectrum of solid®N-enriched (99%)

silver cyanide. In combination with oth&iN NMR spectra

of static and MAS samples obtained at 4.7 and 9.4 T,
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Figure 3. Nitrogen-15 NMR spectrum of solitPN-enriched (99%) silver y y T r
cyanide, Ag@N, acquired at 9.4 T with an MAS rate of 2.52 kHz. The 34 22 10 2 kHz
spectrum is the sum of 459 scans acquired with a recycle delay of 200 s. Figure 4. Carbon-13 NMR spectrum of a stationary sample of sbiit
The axial symmetry of the spinning sideband pattern is indicative of the and®N-enriched (99%) silver cyanide, A¥'°N, acquired at 7.05 T. The
linearity of the AgCN chains. Also shown is the best-fit simulated spectrum spectrum is the sum of 733 scans acquired with a recycle delay of 120 s.
based on the nitrogen chemical shift tensor parameters given in Table 2. The axial symmetry of the powder pattern is indicative of the linearity of
the AgCN chains. Splittings due to direct dipolar coupling betw&éh

; ; : : and!N are indicated. Also shown is the best-fit simulated spectrum. Shown
Slmu_latlon of th_e §pectrum viaa Heeraa_erger anaIySIS in the inset are the high-frequency discontinuities oflﬂﬁbNMFl)? spectrum
provides the principal components of the nitrogen CS tensor of a stationary sample of solidC-enriched (99%) silver cyanide,

asdg =394+ 2 ppm and), = —41+ 10 ppm. As for the 1Agl3CN, acquire_d at 4.7 T. Splittings du_e to direct dipola_lr coupling between
carbon CS tensor parameters, those of nitrogen are similar 3C and!*N are indicated. Also shown is the best-fit simulated spectrum.
to the results reported for solid CuCBl; = 385+ 10 ppm relatively small interactions will merely serve to broaden
ando, = —70=+ 10 ppm. The axial symmetry of the nitrogen each of the'3C subspectra associated with dominant direct

CS tensor provides further evidence for linearity at nitrogen dipolar coupling to thé®N nucleus. As mentioned above,

T
-14

in the AgCN chains. Line widths in thBN MAS spectra

on the order of 250 Hz at 9.4 T allude to the possibility of
1097107Ag, 15N J coupling; however, no such couplings are
resolved. This observation is consistent with the fact that
typical one-bond®Ag, **N J couplings are rather small and
fall in the range from 12 to 57 H%.364 Additional
broadening may also arise because of the cyanide “head

LJiso(**N,13C) is typically on the order of 10 Hz and as such
will not make any noticeable impact on the80 kHz-wide
static*C NMR line shape.

The 13C NMR spectrum presented in Figure 4 may
therefore be properly analyzed on the basis of the assumption
of an effectively “isolated”*3C—1°N spin pair, with the
silver—carbon spir-spin coupling interactions resulting in

tail” disorder discussed above; however, neither the chemicala broadening of the discontinuities in the spectrum but

shift difference between different nitrogen sites nor the
J(109107ag,15N) coupling is sufficiently large to induce a
resolved splitting in thé>N spectrum. This is true of spectra
acquired at both 4.7 and 9.4 T. Since the line widths in NMR
spectra of solids typically scale witB,, J coupling would

be more easily observed at lower field strengths, while
chemical shift differences would be amplified at higher field
strengths.

Carbon-13 Dipolar—Chemical Shift NMR Spectros-
copy. Shown in Figure 4 is &%C NMR spectrum of a
stationary powder sample of A§'°N (99%) obtained at
7.05 T. To efficaciously interpret this dipolaCS spectrum,
the relative magnitudes of several spspin coupling
interactions involvingC must be considered. The relevant
interactions are 10919Ag,13C direct dipolar coupling,
1Jiso(10919Ag,13C) coupling,*®*N,**C dipolar coupling, and
1Jiso(*®N,13C) coupling. Employing silvercarbon direct
dipolar coupling constant®Rfp(°°Ag,'°C) = —162 Hz and
Rop(*°’Ag,'°C) = —141 Hz) based on the bond lengths
reported by Hibbl&® and alJis(1°°1°Ag,°C) of —250 Hz,
simulations of 13C powder patterns indicate that these

(63) van Stein, G. C.; van Koten, G.; Vrieze, K.; Brevard, C.; Spek, A. L.
J. Am. Chem. S0d.984 106, 4486-4492.

(64) Berger, S.; Braun, S.; Kalinowski, H.-OIMR Spectroscopy of the
Non-Metallic ElementsJohn Wiley & Sons: Chichester, 1997;
Chapter 4.

without affecting the magnitude of the splitting due'#hl.

The effective dipolar coupling betweeRC and °N
manifests itself as a splittinB.s at the high-frequency side
of the powder pattern and=2; at the low-frequency sid€.

In 13C NMR spectra of stationary samples of Ag*“N (see
inset of Figure 4), the dipolar splitting betwe&& and the
99.6% abundant’N nucleus manifests itself in a similar
manner; however, the powder pattern is split into three rather
than two because of the three allowed spin statéé\afin
combination with the CS tensor parameters measured from
MAS samples, the spectra shown in Figure 4 may be
successfully simulated to extract the effectiRc—1N
dipolar coupling constant. The accuracy and precision of the
final reported value oRe(23C,15N), —18004+ 50 Hz (Table

2), are based on simulations’8€ NMR spectra of stationary
samples of both AGC™N and AgC“N obtained at multiple
field strengths. The agreement in values R§(*°C,1°N)
determined from the splittings in th€C spectra of both
AgCN and Ag3CN further demonstrates the validity
of treating the system as an AX spin pair.

Determination of a carbennitrogen bond length from the
measured value dR necessitates a detailed discussion of
the factors which will affect the accuracy of the final result.
As mentioned in the Theory section, two factors exist which
must be considered when converting a measured effective
dipolar coupling constant to a bond length: (i) the value of
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AJ and (ii) the extent to which motional averaging affects Conclusions
the dipolar coupling constant. An experimental liquid crystal

1d- 1 15
NMR investigation of methyl isocyanide,;8—NC, provides _ Solid-state™*C _and N NMR spectrqscopy 9f se_veral
a value of—60.0+ 3.9 Hz for AJ(3C 1N) for the cyano isotopomers of silver cyanide has provided unigue insights

group® Multiconfigurational self-consistent field calculations ?nto its _strugture. The NMR_ experiments have provided
of AJ(*3C 15N) for the cyano groups in HCN, GIEN, HNC information in agreement with and complementary to the

and CHNC range from—47.1 to—54.6 Hz5 The ZORA- recent total neutron diffraction study of Hibble and co-

DFT calculations on models | and Il (Table 1) provide a workers.. ) . ]
value of—42 Hz. Thus, it is reasonable to suggest an upper The axial symmetry of carbon and nitrogen chemical shift
limit of approximately —60 Hz for AJ(:3C15N) in silver tensors provides evidence for linearity in the structure of

cyanide. This corresponds to a maximum contribution to AGCN. Carbon-13 MAS NMR spectra, in combination with
Ro of 1% and a maximum error in the determination of relativistic ZORA-DFT calculations, indicate that the cyanide
the value ofrcy of about 0.3% or 0.004 A. Clearly\J will ligands in AGCN do not align themselves in a completely
not be a major source of uncertainty in the final value of random fashion _but rather express a measurab_le preference
for parallel cyanide ordering. The number of silver atoms
that reside in disordered sites of the typedC—Ag—CN—

and —CN—Ag—NC— is 30 + 10%. This is in complete
analogy with the situation in solid copper cyanide.

Carbon-13 NMR spectroscopy of stationary samples of
silver cyanide provides an upper limit on the carbon
nitrogen bond lengttr,cy, of 1.194 A. After accounting for
anisotropicJ coupling and, more importantly, the effects of
librational averaging on the NMR bond length, a more
accurate NMR result of 1.16 0.03 A is obtained. This is
in agreement with the result of Hibbté.

The present work demonstrates the ability of multinuclear
magnetic resonance spectroscopic investigations to provide
information on disordered and amorphous materials which
are not easily studied by conventional diffraction methods.
In cases where diffraction data are available, NMR has the
potential to provide complementary novel information from
a different perspective.

I'en-

Accounting for the effects of motional averaging is less
straightforward. Nevertheless, motional averaging will in-
evitably result in a reduction ilRpp and a corresponding
apparent increase iy (cf. eq 1)% Before considering the
effects of motional averaging in detail, it is therefore possible
to place an upper limit on the value oy by applying eq 1
directly. UsingRe = —1800 Hz and neglectingJ, an upper
limit value of rey = 1.194 A is obtained.

Bond lengths obtained from room-temperature NMR
experiments are known to be—#% larger than those
obtained from X-ray or neutron diffraction experimeffts3®
While molecular “stretching” vibrations contribute in part
to a partial averaging of the direct dipolar interaction, bending
and torsional librations are primarily responsible. Incorpora-
tion of librational effects increases the accuracy but reduces
the precision of the NMR result. Starting with the experi-
mental valueRe = —1800+ 50 Hz, incorporating a value

of —60 Hz for AJ, and making a librational correction of Acknowledgment. The authors thank Kris Harris, Dr.
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