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A. INTRODUCTION 

Complexes of the thlocyanate ion are known for most of the complex-formmg metal 
ions’. One aspect of these compounds which has been of Interest IS the mode of bonding 

of this ligand; either the nitrogen or the sulfur atom may be bonded to the metal Ion (iso- 

thiocyanate and thiocyanate, to be designated NCS or SCN- respectively; it is conventional 
to use CNS for the free Ion or an unspecified bonding mode). According to the concepts 
of Pearson’, the nitrogen end of this ion is a hard, and the sulfur end a soft, base Con- 
sequently, N-bonding is expected with the hard (class a) metal Ions whde S-bonding 
should take place with those of the soft category (class b). Smce many systems are mter- 
mediate, and behavior can be influenced by other coordinated hgands or even non-coor- 
dmated Ions, the bondmg to be expected m a given case is not always obvious Further, 
bndging of two metal ions m the form M-NCS-M’, 1s well known, while alternate types of 
bridgmg, > SCN- or > NCS, are posable. The former has been confirmed in a few cases, 
for example 3, Co(NCS)b Hgz -C6 He and4 Ag(CNS)(P(& H7)3) These actually show 
three-way bndging, MpCN-M’ Oki et al.’ further suggest the posslbhty of an interac- 
tion between the n- $I ondmg electrons of the tiocyanate ion as a whole and a metal ion, 

but evidence m favor of this mode is not convincmg A review of the structures of tluo- 

cyanate complexes IS avtiable6. It includes some selenocyanate and infrared data 

C&W. chmn. Rev., 6 (1971) 407-445 
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Various analogues of the thlocyanate ion exist and are of Interest. Selenocyanate IS 
most nmdar, and m recent years a conslderable coordmatlon chemistry has been devel- 
oped for It, although Its complexes are not nearly as common as those of thlocyanate. 

Its bonding behavior 1s slrmiar to throcyanate. The same nomenclature (M-NC!+, ISO- 
selenocyanate, M-SeCN, selenocyanate, and CNSe- for the free ion) wrll be used. The 
thrrd hgand to be considered, the cyanate Ion, 1s rather different m its coordmatron 
behavior Both bondmg sates can be consldered hard and most of the known complexes 
bond through mtrogen (Isocyanates) although a few have been reported as oxygen 
bound (cyanates) The only form of bridging estabhshed ’ 1s of the type >NCO-. 

The fulminate ion IS an isomer of the cyanate ion, havmg the structure CNO-. (This 
formulation wlli not be used for free cyanate ) Comparatively httle IS known of fulml- 
nato complexes. Coordmatron is generally assumed to be through the C atom, although 
M-CNO-M’ bridges are proposed and isofulmmates (M-ONC) are possible in principle. 

The thiocyanate ion has been studled wrdely by infrared spectroscopy, which pro- 
vides a means of estabhshmg the bondmg mode In tetrahedral or octahedral com- 
pounds only three vrbratlonal modes are expected for CNS m the near infrared region. 

These can be assigned approximately as the C-N and C-S stretches, and the NCS defor- 
matron. In lower energy regons, metal-hgand stretching and deformation modes occur. 
Any of the above bands may be split by deviations of the complex from high symme- 
try, or by crystal site symmetry m sohd samples, and overtones may appear. 

The remaming Ions consldcred here are simdar to throcyanate in their spectral be- 
havior, but cyanate shows a Fermi resonance mteractlon between the first overtone of 

the deformation mode and the C-O stretching frequency in the free ion and in certain 
complexes which may complicate interpretation. Differences m mlxmg of the vanous 
vlbratlonal modes also have Important consequences 

This article reviews the various Infrared crltena which have been developed to es- 
tablish bondmg type, especially for thlocyanate ‘-19, and attempts to mtercompare 

them for a given set of compounds The thlocyanate systems have been considered m 
most detad, and some new data are presented here Metal ions homogeneously com- 

plexed by a given pseudohalide have been emphasized and mixed specres mcluded only 
when the former are unknown or as special examples Organic systems with these ions 
have been revlewed by Thayer and West *’ 

B THEORETICAL CONSIDERATIONS 

The normal vibrations of a hnear tnatomrc molecule NCX are 
-++-c 
N-$-X ul , pseudo-assymmetrrc stretch (+N) 

N-t-x v2, @NCX) 
-3 -++i- 
N-C-X v3, pseudo-symmetnc stretch (vcX) 

(For a descnptron of fulminate, C and N, and vl and v3 should be mterchanged ) The 
designation m parentheses 1s very commonly used, and approximates the major bond 
deformation mvolved m the vibration; 111 cyanate and fulminate in particular, the modes 

are appreciably mixed The infrared spectra of these ions m the potassium salts are 
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gwen m Table 1. These are typlcal “free-Ion” values, but small changes with catron and 
medium can be expected. Sphttmgs are sohd state effects 

TABLE 1 

Infrared spectra of the “free” ions consldered here (as K+salt) 

Ion vt(cm-‘) Yz(crn-’ ) u&n-‘) Ref 

NCO- 2165 637 12514~ A 
628 

CNS- 2053 486 746 B 
471 

CNSe- 2070 424 5.58 C 
416 

CNO- 1064 473 2043 D 
1057 468 

aCalculated A Fermi resonance mteractlon gives two bands, 1301 cm-’ and 1207 cm-’ 

REFERENCES TO TABLE 1 

A A. Makl and J.C Deems, J Chem Phys , 31 (1959) 772 
B P.0 Kmell and B. Strandberg,Actn C%em hmd, 13 (1959) 1607 
C H.W. Morgan, J fnorg. Nuci. C/zem.. 16 (1961) 367. 
D W Beck, Chem Ber , 95 (1962) 341. 

The resonance contrlbutlons have been given for some of these Ions For thlocya- 
nate, Jones*’ gives Ns-S, 71%, -N=C=S, 12%, * -N-CZ!3’, 17% Coordmatron through 
S would favor an increased contnbutlon from the first of these, resultmg m a decrease 
in C-S bond order and vrbratlonal frequency and an increase m C-N bond order and 
frequency_ Analogously, N-bondm, = would be expected to lead to the opposite effects 

The remammg tons have sunlIar resonance structures although wtth different contnbu- 

tions (e g. 22 for NCO-; N=C-O-, 75%, -N=C=O, 1%; * -N-=0’, 24%), and the ion 
should behave III a slmllar way on coordination The same resonance contrlbutlon has 
been used to explain that M-N bondmg should increase, but M-X bondmg decrease the m- 
tensity of the “N-C mode. This has been accounted for on the assumption that the dipole 
moment and its rate of change during the vibration wrll increase with the decreased bond 
order and mcreased charge on the nitrogen atom which results from N bondmg22V23 
The validity of these various arguments IS dependent upon the purity of the modes con- 
cerned Calculations of Forster and Horrocks on zmc compiexes24 mdlcate that this IS 
fairly good for CNS’ and CNSe-, but that NCO- mvolves a large amount of murmg be- 
tween the vco and VCN modes 

Coord. them Rev, 6 (1971) 407445 



410 R A BAILEY, S L KOZAK, T_W MICHELSEN, W N MILLS 

The atomic charges on these ions have been tabulated by Wagner*’ 

Qx 

NCO- -0.77 12 -0 0442 -0 1846 
NCS- -0 4826 , +o 1943 -0 7108 
NCSe- -0.3941 +O 2345 -0.8404 
CNO- +0.65 16 -1.1663 -0 4852 

Thiocyanate shows the least charge difference between the two potential donor sites, and 
on thus basis would be anticipated to show the greatest hkehhood of ambldentate beha- 
vlor. Cyanate, by contrast, has a much greater charge density on N and presumably a 
much greater tendency to coordinate through this atom than through oxygen. 

Khantonov et al have carried out more elaborate theoretical studies which lead to 
further understandmg of the slgmficance of band shifts on coordmatlon for thiocyanate 
and selenocyanate hgands26-28 In the first Instance. this mvolves analysis of the vlbra- 
tions of coordinated CNS groups, m which they neglected any effects from electron re- 
dlstrlbutlon on coordmatlon, and consldered only a single throcyanate group m M-N-C-S, 
M-S-C-N, and M-NCS-M configurations For the nitrogen-bound case this treatment pre- 
dicted the following 

(1) The +N and the vcs bands should increase m energy with an increase of klMEs (met- 
al-nitrogen bond force constant). Hence, “CN and vcs increase on coordmatron. 

(2) +N is almost independent of the mass of the metal ion, and vcs only slightly 
more influenced by this VhfN 1s mass-dependent 

(3) Changes m kMN,CN, the interaction force constant, have little effect on VCN and al- 
most none on Z+S and VMN_ 

(4) The “CN 7 “cs and VhfN bands are not pure vlbratrons, there IS mlxmg m all cases 
(5) These effects are m addition to those due to electron redlstnbutlon from coordma- 

tron, such as changes m the CN and CS force constants These should be small since the 
effect of k,, alone gives reasonable correlation WI+& experimental observations 

For the sulfur-bound case they found 
(1) For unchanged force constants coordmatron of the SCN- group through S has no 

Influence on the frequency of vCN However, vcs increases relative to the free ion but to 
a lesser amount than the N-bound case. 

(2) VCN is almost independent of the mass of atom M and vcs and VMs are only shght- 
ly affected by It. 

(3) “cpu’ is almost independent of the CSM angle, but vcs decreases and vbis ncreases 
as the angle decreases from 180° to 90”. 

(4) vCN is almost independent of kMs, but vcs and vMs increase as kMs increases 
(5) In order to fit expenmental results, kCN and kCS, and hence the bond orders must 

change on coordination (C-S decreasmg, C-N increasing) 



IR SPECTRA OF THIOCYANATE AND RELATED COMPLEXES 411 

For the bridged case, their results were 
(1) +#j and vcs increase almost hnearly with kMN and kSM (for kMN = ks,). 

(2) Change in mass of M has almost no effect on vCN and only a smah one on r+S, the 
effects appear as increases 111 kMN and khls 

(3) kMS has almost no effect on VCN _ 
(4) vhfs depends on both kMN and kMs_ 
(5) The high values of +N found expenmentally are due to the combmatron of m- 

crease for nitrogen bondmg and a change m force constants due to S-bonding 
The srrnrlar treatment of selenocyanate shows that there IS a complete analogy be- 

tween the two groups The treatment given is approxrmate, but rt is mterestmg in relation 
to the correlatron of the observed frequencres and does form the basis of a theoretrcal 
understandmg of the observed shafts. 

Carlson *’ and Mrlier and Carlson 3o have carried out a study of the vrbratronal spectra 
of Sr(NCS)a and SI(NCO)~ , and were able to fit them to specres of tetrahedral symmetry 
with hnear %-N-C-X groups. Then results lead to the expectatron of srx mfrared actrve 
fundamentals In additron to the two stretchmg modes of the NCX group, and the SINI) 
stretchmg and deformatron modes, two bands associated wrth SINCX deformatron are 
churned, for throcyanate these are at 560 cm-’ and 484 cm-’ These were assigned to 
bendinT of th+e types 

SJ-N-$-X and &--Y-S-X. 

Forster and Goodgame have modrfied some of these assrgnments for the cyanate exam- 
ples ‘* They have also considered square planar and octahedral structures30n 

A vrbratronal analysrs and force constant calculatron for [Zn(NCX), ] *- usmg the F-G 
matrrx method has been carried out by Forster and Horrocks24, also on the basis of Td 
symmetry Whrle this confirms SIX infrared active fundamentals, only the first of th 
bending modes m NCS, described by N-C-S, Zn-N-C, add N-Zn-Z deformatro &I 

three 
s, falls 

above 200 cm-’ _ (The last 1s calculated to be below 40 cm-’ ) The spectrum of thus ran 
generally typifies that of tetrahedral N-bonded metal rsothrocyanate complexes These 
authors concluded that the C-S force constant increases upon coordmation, but no signi- 
ficant change in the C-N force constant was observed in the approximations used (cf. the 
results of Khantonov et al 26) Th e metal-hgand stretchmg frequency becomes less purely 
M-N as the pseudohalogen becomes heavier in the series NCO-, NCS-, NCSe-, the force 
constant appears to be slightly higher than the Zn-C force constant m [Zn(CN)4] * - 

C EMPIRICAL CRITERIA 

Lewis and co-workers’ have considered the position of the C-S stretchmg frequency 
to be charactenstic of bonding mode of coordmated throcyanate. Frequencres near 
700 cm’ are taken as indicative of S-bonding, while those near 800-830 cm-’ mdrcate 
N-bonding As a diagnostrc criterion, thus band offers the drawback of low mtenstty It IS 
often drfficult to identify m the presence of organic hgands or counter-tons3’, and on 
occasion the overtone of the +S band may be mistaken for it 

The C-N stretchmg frequency also shifts on coordmatron and has been consrdered diag- 
nostic “*” _ N-bondmg generally leads to little change or to a decrease below the “free”- 

Cborri. Chem. Rev.. 6 (1971) 407-445 
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ion value (2053 cm-’ in KCNS) while S-bonding results m an increase to near 2100 cm-r - 
It has been observed”*r2 that bndging (-NCS-) thiocyanate exhrbrts ‘&is band well above 
2100 cm-‘_ 

A thud cntenon proposed by Lewrs et aL8 and by Sabatmi and Eertuu” 1s based on 
the NCS deformation mode. A single, sharp band near 480 cm’ is taken as mdrcatrve of 
N-bondmg, while S-bondmg IS suggested by several bands of low intensity near 420 cm’ - 
The sphttmg m the second case may be due to the lower symmetry of the non-lmear 
M-S-CN group which removes the degeneracy, whrle the low values could be explamed 
fiOmgreatermlxlngOf6~AC and6NC- modes when A is S than when A is N. 6~Ac 
would be expected to be lower for S than for N. The M-NCS group, on the contrary, is 
more often found to be lmear, but not invanably so6y15~17- It rs also noticed that the 
first overtone of thus band IS particularly sharp and mtense for N-bonded examples 

The intensity of the +N band has been developed as a fourth criterion of bonding 
mode Thus was first suggested by Fronaeus and Larsson 14, and more fully developed by 
Pecrle l6 The integrated intensrty (r e., area under the absorption peak) is generally above 
9 X 104M-’ cm* per CNS for N-bonding, but near or below 2 X 104M-’ cm* for S- 
bondmg, representmg an increase and decrease, respective!y, as compared to the “free”- 
Ion values The N-bonded peak 1s always much broader. Integrated mtensrtites must be 
evaluated with some care Although approxrmatron by peak height times wrdth at half- 
maxrmum 1s qurre crude, (often about l/3 of the true values) the values obtamed may 
still be much different for S- and N-bonded cases. However, this 1s not reliable if the peak 
is irregular The measurements required are discussed further below This is a solution 
technique, and the possrbrhty of partial drssocratron must be considered Thrs would be 
suggested by a component peak near 2050 cm-’ 

Bondmg critena based on the far infrared regtons of the spectra (< 400 cm-‘) have also 
been proposed ‘*” Generally, VM_N > vM_s, the former usually above vM_a of the analo- 
gous chloride. Thrs IS consrdered m more detarl later. 

It 1s known that some of the above cnteria are drsobeyed. In partrcular, examples can 
be cited where the C-N frequency does not fall rn the proper range for the bondmg actual- 
Iy found8y32-34. Th e d f e ormatron band and mtensrty cntena are fairly recent and have 
not been tested frequently, and, m additron, there are few general compansons avarlable 
for all of these approaches for a given set of compounds 

Bonding mode cntena for the selenocyanate ion have been proposed by Cotton et aL3’, 
and Pecile et al 16y36*37 . These parallel the throcyanate cntena In partrcular, the energy 
of Vr-se and the mtensity of VcN mcrease with N-bonding and decrease with Se-bondmg 
relatrve to the free ran. Values of +N 

35 
well above 2100 cm’ are also expected for bndg- 

mg - However, these cntena are based on few results from compounds whose structures 
are known from X-ray analysis, smce less of this informatron is available than for thio- 
cyanate More often they are based on analogy and Justified by expected chemical be- 
havior, hgand field spectral calculatrons, etc 

Crrterra for cyanate are even more drfficult to set up emprncally, since not only are 
structure determinatrons lackmg but greater mrxing of the stretching modes makes any 
analogy wrth the heavier members of the senes less rehable. The same basic arguments of 
decreased vco frequency with oxygen bonding but an increase with N-bonding have been 
put forward 38,3g 
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TABLE 2 

Near mfrared spectra of thlocyanate complexes” 

Compiex vCN(cm-t) 26NCS(cm-t) vCS(cm-t) ~NCS(C~‘) Ref 

WH4)[&WN),I 

K[AM3-3’Jh I 

Rbz [ Be(NCS)e I-4CH3CN ’ 

K3 [B@CN)6 1 

K2 [Cd(SCN),] -2H20 

2101(s) 
2C36(s) 

2130(s) 
2076(w) 

2120 

2088 

2100 
2090 

(Et4N)2 [Co@=941 

K3 [CI(NCS)~] H20 CH3COOH 

K3 [CrWCS)6 1 

(Cat?‘ [Cu(NCS)4] c 

(Bu4Nh [Dy(NCSh 1 b 

(Bu4Nh [Er(NCS)s] b 

(Bu4W3 [EuOVCS)61z, 

2084(sh) 
2059(s) 
2050(s) 

2062(s) 

2078(s) 

2098&s) 
2058&s) 

2074(s) 

2052d 

2055 d 

204O(br) 

(ELINIB K-dNCS)~l 

(Me4Nh [FeWCS)41 b 

Ga(NCSMH20)3 

(Bu4NI3 [GdmCSh 1 g 

CJ.X#h [Hf(NCS)d 

K2 V-W’=)4 1 

2098(sh) 
2052(s) 

2053(s) 

2076(s) 

2045 d 

1989(s) 

2134(m) 
2122(sh) 
2109(s) 

@ud’h [Hd’=%l b 2053 d 

910(W) 

915(w) 
830(w) 

941 
932 
918 
913 

946(w) 

9 19(w) 

718(w) 453(m) 

700(w) 

877 

727 
721 

758 
727 

837(w) 

820&w) 

835(w) 

822(w) 

830(w) 

895(w) 

876(w) 

7 16(m) 
709(sh) 
703(sh) 

458(w) 
413(s) 

480 

470 

460 
456 

477(m) 

481(m) 

475(m) 

474(s) 

484(m) 
480(m) 

486(m) 
483(m) 

485(m) 
475(m) 

479(m) 

475(m) 

483(m) 
479(m) 

499(m) 

461(m) 
448(m) 
432(sh) 

419(m) 

486(m) 
483(m) 

Ah 

A 

B 

C 

D 

A 

A 

A 

E 

F 

G 

G 

G 

A 

H 

I 

G 

J 

A 

G 

Coord. them. Rev.. 6 (1971) 407445 
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I 

TABLE 2 (conrmued) 

Complex vCN(cm-I) 26NCS(cm-‘) z&cm-‘) 6NCS(m-‘) Ref 

<EM’03 [In(NCS)6 1 

(BwW3 [Ir(SCN)61 

(Etdb [La(NC%l 

(BuPhgP)2 [Mn(J’JCS)4] 

cs3 W(NCS)61 

W.~.~N)~P~OO@JCS)SI 

(Et4W3 W-WCS)61 

Na[Nb(NCS)e] 

K[Nb(NCS)e] * 

K2 [Nb(NC% 1’ 

I 

K2 WWN)41 

2085(S) 

2030(w) 

2127(m) 
2098(s) 

208O(sh) 
205 l(s) 

2050(s)b 

2090(s) 

2090(m) 
2020(s) 

2063(s) 
2088(sh) 

1978(s,br) 

2080(m) 
2025(sb) 

2005(s) 
1980(s) 
1949(S) 
1910(m) 

2077(m) 

202O(sh) 
2005(s) 

1980(s) 
1948(s) 
1908(m) 

2109(sh) 
2 102(s) 

2103(s) 
207O(sh) 

2090(s) 

2125(s) 
2095(s) 

947(w) 

935(w) 

958(w) 
948(w) 

942(w) 

936(w) 
929(w) 
885(w) 
876(w) 
867(w) 

815(w) 

822(m) 
693(w) 

825(~)~ 

815(w) 

884(m) 481(w) 

8 18(m) 
780(m) 
746(w) 

93O(sh) 

927(m) 
888(w) 

935(sh) 

928(m) 
888(w) 

818(w) 

818(w) 
693(w) 

822(m) 
689(w) 

703(w) 

697(sh) 

475(m) 

451(m) 

430(w) 

477(m) 

471(w) 

475(m) 

486(m) 
475(w) 
453(m) 
446(w) 

423(m) 

499(m) 
49O(sh) 

399 

504(m) 

469(m) 

420(w) 

Spht 
bands 

478(w) 
463(w) 
427(m) 
430(w) 

474(w) 

467(w) 

442(m) 
432(m) 

K 

L 

A 

H 

A 

A 

A 

M 

N 

N 

A 

A 

L 

A 



IR SPECTRA OF THIOCYANATE AND RELATED COMPLEXES 415 

TABLE 2 (continued) 

Complex 
1 VCN(cm-I) 26NCS@m-‘) Y&m--‘) 6NCS(cm-‘) Ref. 

K2 t Pt(SCNh I 

2087(s) 
2050(s) 

2128(s) 
2099(s) 
2077(sh) 

K2 [Pt(SCN)6 1 

cS2 [R‘%CNS& 1 

Cs[ Re(CNS), ] 

(EtdW [Re(C0)3(NCS)d 

2126(s) 
2118(m) 

2076(w) 

2039(s) 
2021(s) 

2068(s) 

(Bu4N)2 [Re#CS)d ’ 

(Ph4As)2[Re2(NCS)slb 

ReO(OH) (Ph3P),(NCS)2 

(BQN)~ [Rh(SCN)h I 

211Xsh) 
21OOWl) 
2090(s) 

2050(s) 

2025(s) 

2090 
2060 

212O(sh) 

2098(s) 

2098(s) 

(B~N)J [Ru(NCS)e 1 2095(s) 

K3[SdNCS)61b 

(BWVs [Sm(NCS)h I b 

(Et,N) [ Sn(NCS)3 ] 

K[Ta(NCS),j]’ 

2070 

2059 d 

1950 

2039(s) 
2012(s,br) 

Ph+%s[Ta(NCS),] b 2065(sh) 
1937(W) 

1920(m) 

94O(w,b) 
875(w) 

696(w) 

924(w) 694(w) 

815(w) 

875(w).’ 

851(w) 

693(w) 

695(w) 
815(w) 

692(w) 
812(m) 

825 

821 

936(m) 825(m) 
954(sh) 

928(m) 
848(w) 

477(m) 

477(w) 
469(w) 
437(m) 
426(m) 

427(m) 

419(s) 

484(m) 
415(m) 

477(w) 
469(w) 

475(m) 

424(w) 

46O(wj 
453(sh) 
424(w) 
42O(sh) 

472(w) 
453(w) 
428(w) 

487(m) 
483(m) 

501(m) 
492(m) 
483(sh) 

505(m) 
401(m) 

A 

A 

A 

A 

A 

0 

P 

P 

Q 

A 

A 

L 

R 

G 

S 

T 

N 

Chord Chent. Rev., 6 (1971) 407-445 



416 R.A. BAILEY, S L. KOZAK, T.W. MICHELSEN, W N. MILLS 

TABLE 2 (connnued) 

Complex q--Nfcrn-‘) 2SNC-(cm-t) ~&cm-‘) 6NCS(cm+) Ref. 

K[Ta(NCS)6 I b 2095(m) 94O(sb) 

203S(sh) 932(m) 

2015(s) 897(m) 

1992(s) 
196S(sh) 
1922(sh) 

<Me00 [Tc(NC8)6 1 

TIC~~(NCS)~ e 

2028 869 

2058(s) 
2017(s) l 

(Bu4N)3 [Tb(NCS)d b 

Cs4 WWCSM 

(Et&03 PWCS),l 

(Et4N)z P’W’JCS)41 

(Et4IV3 WOWXsl 

(EtdO3 ~~b@=%j~ 

(Et4N)2 [Zn(NC%l 

Cs[Zn(NCS)3] Hz0 ‘f 

20508 

2057(s) 
2015(sh) 

2091(s) 
2056(s) 

2005(sh) 

2055(s) 

2093(s) 

2061(s) 

2080(s) 

2057(s) 
2OlS(sh) 

2074(s) 

2173 
2158 
2090 

1985(s) 

2041(m) 
2003(s) 

955(w) 826(w) 
790(w) 

844(w) 
799(W) 

820(w) 

821(w) 

832(w) 

982 827 

960 789 
898 

879(w) 

501(m) 
400(m) 

484 

496 
491(w) 

485(m) 
480(m) 

478(m) 

484(m) 

482(m) 

482(m) 

482(m) 

487(m) 

480(m) 

482 
475 
445 

499(m) 

497(w) 

N 

U 

V 

G 

A 

A 

A 

A 

K 

A 

A 

W 

J 

V 

p In KBr pellet except as noted 
bNu~ol mull 

’ (C?at)2+= p-xylylenebls(tnphenyIphosphonmm) 

d Solution value, acetonrtrde. 
e Cp = (cyclopentadIenyl)-. 
f Beheved to contam both brrdgmg and terminal thiocyanate groups 
g Solution value. methanol 
’ See also P 0 Kmell and B. Strandberg,Acfrr Chem Stand., 13 (1959) 1607. 
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TABLE 2 (confmued) 
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D. DISCUSSION 

(I) Throcyanate and lsothrocyanate complexes 

Table 2 presents a hstiq of the VCN, v,--S, and 6NcS (and 2&S when observed) bands 
for tiocyanate complexes of most of the transltlon metals and some others. Data labelled 
“this work” are our own measurements, but unless mdlcated these show no substantial 
disagreements with previous reports Near infrared spectra were recorded on a Perkin- 
Elmer Model 62 1 grating spectrophotometer m the 300-4000 cm-’ range. Normally, spec- 
tra were taken on both 1% and 5% KBr pellets and checked as nujol or hexachlorobuta- 
chene mulls in order to guard agamst errors caused by replacement of thmcyanate by 
bromlte ions 

A survey of these data shows that the vCN band position is generally a good mdlcatlon 
of bondmg mode, but that exceptions do occur In particular, N-bonded examples may be 
high (e.g.40 Crm and Mom which are near 2090 cm-’ ) and therefore use of the posltlon 
of tis band alone as a critenon of bonding must be considered risky. Frequently, tis 
band 1s complex, exhlblting two or more components; cnteria are usually based on the 
pontoon of the main peak and we have not attempted to tabulate all shoulders Causes of 
these splittings may be distortions from regular 0, or Td symmetry brought about by 
non-linearity, Jahn-Teller, or other effects which destroy the degeneracy of the band, but 
as most spectra arc those of the solid, lattice interactions may be the predommant factor. 
Indeed, solution spectra show much less structure. When these sphttings are of mterest, 
low-temperature measurements may perrmt more effective resolution. For example, 
Lever et aL4’ have observed the isotopic satellite bands from 13C and “N in some 
M(L),(NCS), complexes at hquld-mtrogen temperature. 

Changes in medmm (KBr pellets or nuJo1) may bnng about small slufts in band posltlon 
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for the vcN and also for the other bands to be discussed. These are rarely stgmficant in 
this context, however The influence of the counter-ran on the +N frequency has been 
commented on by Mttchell and Wrlhams lo The more polarrzmg the catron 111 aruomc _ 
thiocyanates, the greater 1s the frequency of the CN vrbration. This becomes a large effect 
when the cation can bond to the free end of the NCS- group to give a bndged structure 
as discussed below. Mtxed hgand specres may be of quote different symmetry from the 
homogeneously substituted examples, resultmg m addtttonal peaks. This IS Illustrated by 
the CIS and rmns isomers of drthrocyanato compounds where only one of the C-N vibra- 
tions is active in the latter geometry 42 Thus has been used by Chamberlam and Barlar33 _ 
to estabhsh the configuratron of a number of spectes of this sort. Lack of sphttmg does 
not prove the tram isomer, as the bands may be msuffictently resolved Lever et al.41 
find this to be the case in some ML2 (NCS)2 compounds where stereochemrcal problems 
lead to unusually long M-N bonds in the cis isomers. The band could bc re;c?lved at low 
te_mpera_tures, however. It is clear that xsomenc forms can be drstmgutshed on the basis 
of mfrared spectral data, but rt is also clear that the proper mterpretattons require some 
care. 

Changes m electron density about the metal ion with these other hgands attached may 
be expected to have a considerable effect on the bonding strength and consequently on 
the position of the C-N stretchtug frequency, but shifts due to this are usually surprising- , 
ly small In extreme cases, effects of other hgands can result m a change 111 bondmg mode 
through electromc or stenc effects 13943-46. Llgands which accept n-bonding electrons 
from the metal favor N-bonding with typrcal class b ions such as Pdn, but the same type 
of ligand may cause Con to become S-bonded. These effects and the problems assoctated 
with their explanatron are drscussert rn detarl by Norbury and Sinha4’ _ Steric effects are 
also significant with S-bonded, non-lmear systems, and in these cases other bulky hgands 
can cause a change to the nearly lmear N-bonded form43’45 _ Different counter-rons 
(amons and cations) can also affect the bondmg mode, presumably through more favorable 
crystal packing energtes 47*48 in a number of cases, effects of other hgands, ions, etc. are 
of such a magmtude that the two hnkage modes have comparable stabrhty, a number of 
hnkage isomers have been isolated as hsted m Table 3. 

Clark and Wdluunsg and Mitchell and Wllhams lo have considered posstble relattons of 
the +N band posrtton to coordinatton geometry, findmg that there does not generally 
seem to be one. Octahedral mtrogen-bonded compounds show a general correlatton with 
oxrdatron state of the metal ion in that the mam band position seems to be at lower energy 
wrth hrgher oxidatron state Thus 1s partrcularly noticeable with IV and V states, such as 
Zrrv, HP, and the NbV and Tav complexes (Table I), and has been related to the hrgh 
oxidation state and lack of d electrons on the meta14g*50 

it also wrll be noted from Table 1 that there is a drscrepancy between the vcN positron 
reported for Tav compounds by Brown and Knoxsoys and by Bohland et al. 52-s4 _ In 
the former, the main r+N peak lies below 2000 cm-’ in most cases, the latter report rt 
above this value (Table 1). Knox and Browns0 suggest that sphttmg of the band in tlus 
case may be due to different bond strengths in the coordmated thiocyanate rons (that is, 
not all of the thiocyanate ligands may be equwalent). Thrs is not confirmed. 

There is a similar discrepancy for the compounds of Zrw and Hfrv as reported by 
Kharitonov et al. ss96 and those reported in Table 1. The former find the z+N band at 
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TABLE 3 

Infrared spectra of thlocyanate lmkage isomers u 

Compound vCN(cm-t) z&cm-t) 6NCS(cm+) Other Ref. 

K3 [Co(CN)sSCN] 2110(s) 7 19(w) A 

K3 [CO(CN)~NCS] 2065(br) 810(w) B.C 

tCo(DH)zPy(SCN)] ’ 2118(s, sp) 12 X 104hf-‘cm-* c D 

[C~(DH)~PY(NCS)I~ 2128&q) 837(w) 10 24x 104hZ-‘cm~2 ’ D 

[CoCNH$s(SCN)I Icd 2 lOO(sp) 71O(vw) 480(w) E 
459(w) 
426(m) 

[Co(NH$s(NCS)l”d 2125(b) 806(ms) 490(mw) E 

460(mw) 

[Cu(tripyam)(SCN)2] e 2123(s, sp) F 

21OO(s,sp) 

[Cu(tnpyam)(SCN)(NCS)l e 2128(s,sp) F 

tCu(tnpyam)(NCS)zl e 

[Cu(dppa)(SCN)& 

[Cu(dppa)(SCN)(NCS)l f 

[Cu(dppa)(NCS)zlf 

[FeCp(C%(SCN)]g 

tFeCp(C0)2(NCS)lg 

[Ir(NH&SCN]lCh 

[Ir(NH&NCS]2+h 

[Mn(CO)sSCN] * 

[Mn(CO)sNCS]’ 

2080(s,b) 

2100(s,b) 
2070(&b) 

2122(s,sp) 
2100(s,sp) 

2128(s,sp) 

2081(s,b) 

21OO(s, b) 
2072(&b) 

2118(m) 698(w) 
(m CHCI3) (mull) 

2123(s) 830(m) 
(m CHCIJ) (mull) 

21 lO(s,sp) 700(m) 

2 140(s,br) 825(s) 

216O(sh) 676(w) 
2138(m) 
2084(w) 
2043(s,br) 

1958(ms) 

2141(w) 813(m) 
2113(m) 
2053(s) 
1958(ms) 

21:4(m-s) 699(w) 
(m CHC13) (mull) 

2099(s) Masked 

(m CHC13) 

F 

F 

F 

F 

1 64X 104hf-tcm-* c G 

6 7 X104hf-‘cm-2C G 

H 

H 

I 

i 

2.19X 104hfW’ cm-* c G 

9 80X104hf~‘cm~2c G 

Chord. Chem Rev.. 6 (1971) 407445 
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TABLE 3 (contznued) 
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Compound vCN(cm-t ) uCS(cm-t ) 6NCS(Crn’-‘) Other Ref 

[R~I(NH&SCN]~~ 

[Rh(NHa)SNCS]“A 

[Rh(SCN)CIa(PMeaPh)a] 

[Rh(NCS)CIa(PMeaPh)a] 

lPd(As(Ph)a)a(SCN),] 

]Pd(As(Ph)&(NCS),] 

tPd(brpy)(SCN), I 

W(dw)WC%lJ 
[(Et4dren)Pd(SCN)] (CNS$ 

[(Et4dlen)Pd(NCS)] (CNSIk 

2115(ssP) 
2145(s,br) 

2108(vs) 

2112(vs) 
2122(sh) 

2119(s,br) 

2089(s,br) 

2117(m) 
2108(s) 

2100(s,br) 

2120(sh) 
2113(s,s~) 

2llO(s,br) 

2125 

2060 

730(w,br) 

815(s) 

809(w) 

Masked 

854(m) 

700(w) 

845(m) 

Masked 

Masked 

710 

830 

418&w) 

Masked 

458(w) 

419(mw) 

Masked 

H 

H 

vM_~~~234 J,K 

vM-NCS264 JX 

~M-_S~306(rn, sh) K&M 

Masked K,L,M 

VM-s&lf%m) W-,M 
304(m) 

‘M-NCS;;;=& W-,M 

a Spectra m mulls except as noted. 
b DH = (dlmethyIglyoxlmato)- 

g Cp = (cyclopentadrenyl)_ 
hAmon and medmm not specified. 

c Integrated mtenstty of VCN peak. 
d Prepared as perchlorate Medmm not specified 
e tripyam = trt-2-pyndylamine 
f dppa = phenyldi-2-pyndylamme 

z S-bonded Isomer as mull, N-bonded Isomer 
stable only m solution (acetonitrile) vCN 
hstmg also contains uCG frequencies 

Z dpp = 4,7-diphenyl-o-phenanthrohne. 
k Et4dten = tetraethyldrethylenetruunme, me- 

REFERENCES TO TABLE 3 
dmm not 8wen. VCN from fluorophosphate. 
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B I Stotz, W K Wllmarth and A. Hmm,Z~org Chem ,7 (1968) 1250. 
C D F Gutterman and H B Gray, J Amer Chem Sot, Vl(lV69) 3105. 
D A H Norbury and A I P. Smha.Znorg Nucl. Chem Letters. 4 (1968) 617. 
E D A. Buckmgham, 1 I Creaser and A M Sargeson, Inorg. Chem ,9 (1970) 655 
F G C. Kulasmgam and W.R. McWhmme,J. Chem Sot A, (1968) 254. 
G T E. Sloan and A. WoJcickr,Znorg. Chem , 7 (1968) 1268. 
H H H Schmtdtke, J Amer Chem Sot ,87 (1965) 2522. 

I M.F. Farona and A. Wojcrclu, Znorg C’hem. 4 (1965) 857. 
J P.R. Brookes and B.L. Shaw,J. C%em Sot A, (1967) 1079. 
K D M L. Goodgame and B-W. Malerbt, Spectrochzm. Acto 24A (1968) 1254. 
L J L Burmelster and F. Basolo, Znorg Chem , 3 (1964) 1587. 
M A. Sabattuu and I. Bertmr, Inorg Chem ,4 (1965) 1665. 
N I Bertmr and A Sabatim,Znorg Chem ,5 (1966) 1025. 
0 F Basolo, W H Baddley and K J Weidenbaum, J. Amer Chem Sot ,88 (1966) 1576. 
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TABLE 4 

Infrared spectra of bridged thiocyanate complexes 

Compound q+m-’ ) v&cm-l) 6N&cm-l) 
-1 

vM_L(cm 1 Ref 

[‘XNC%l z&3 

Fe(NCS)aHg 

Mn:NCS)aHg 

Pb(NCS)aHg 

Pt(SCN)hHg 

Pt(SCN)&O 

Pt(SCN),$‘b 

Cr(NH&(NCS)&u 

2141 
2127 

2146(s) 
2134(sh) 
2093(w,sh) 

2134 

772 

786 465(m) 
442(m) 

801 472 
469 

4.59 

2148(w) 800(w) 462(s) 
21OO(sh) 452(s) 

2170 795 459 
2154 437 

2145 

2132 
2122 

2154 
2142 

2117 
2081 

752 
747 

758 

712 

738 
723 

2166 

2124 
2112 
2109 

732 

702 

2169 

2166 

2158 
2095 
2065 

2110 
2095 

2075 

730 

85.5 471 
785 464 

444 

825 475 
810 460 

303(s) 
276(sh) 
219(m) 

368 

369(s) D 

318(s) 
282(vs) 
266(sh,w) 

296(s) 
256(m) 
216(m) 

278(br) 
213(m,br) 

303(m) 
250(s,br) 

303(n) 
276(sh) 
230(m) 

A 

BS 

A 

AC 

C 

C 

AC 

A 

A 

A 

C 

A 

A 

A 

E 

E 

&on?. C'hem.Rev..6(1971)407-445 



422 

TABLE 4 (contrnued) 

R A BAILEY, S L. KOZAK, T W MICHELSEN, W N MILLS 

Compound VCN(cm-‘) vCS(cm-‘) 6 NCS(cm+ ) vM_L(cm-‘) Ref 

[Cr(NCS)6] 2Cds 2H20 

2160 
2095 
2065 

2165(sh) 
2150(s) 
212O(sh) 

2120(s,br) 812(w) 

Cr(N(X&Tla 2105(s) 820(w) 

[Cr(NC% 1 zCu3 2150(s) 800(w) 

[Cr(NCS)6 19% 

Co(Py)z(NCS)2@ 

'WPY)~(NCS)~~ 

Co(NCS)Hgz l C6H6 b 

ZII(NCS)~H~ 

2100(s) 

2099(s) 

2085(s) 826(m) 

2160(s) 

2157 
2146 

845 
798 

810(w) 464(s) 

SOS(w) 

787(w) 

475(s) 
456(m,sh) 

462(s) 

468(sh) 
458(s) 
444(sh) 

468(s) 
450(s) 

472(m) 
468(m) 

477(w) 
468(w) 

786 

E 

369(s) D 

368(s) D 

365(s) D 

370(s) D 

370(s) D 

268(s) F 

319(s) F 

G 

327(s) A,C 
25O(sh) 
217(m) 

Q X-ray structure shows brldgmg thlocyanate Several other analogous examples are mcluded m this 
reference 

b The structure 1s Hg 

> 

(ref 3) 
SCN-Co 

Hg 

REFERENCES TO TABLE 4 

A A. Tramer, J ChIm Phys. 59 (1962) 232 
B Our measurements 
C D Forster and D-M L. Goodgame, Inorg Chem ,4 (1965) 715 
D J R Wasson and C Trapp, J Inorg Nlcci Chem , 30 (1968) 2437 
E H Okl, E Kyuno and R. Tsuchiya, Sull Chem Sot J~pun. 41 (1969) 2357 
F RJ H Clark and C S Wdhams, Spectrochrm Acto, 22 (1966) 1081. 

G R Baur, M SchelIenberg and G Schwarzenbach, Helv Chum Acta, 45 (1962) 775 

2025 cm’ for Hf, and 2024-2075 cm-’ for Zr pyndmmm salts. The true ldentlfy of the 

preparations of Kharitonov may be questloned smce at least the Zr compounds admltted- 
ly contain matenaI with Zr-0 bonds 

Bridging tiocyanate groups, M-N-C-S-M’ (Table 4), have been claimed to give a band 
in the 2140-2150 cm-’ region*‘y’2 . However, many examples can be found where vc_N 
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lies between 2100 and 2130 cm’ and which mvolve second metal eons which are at least 
potentially capable of being coordinated to the “free” ends of the throcyanate ligands” 
A number of other examples of bridged throcyanates is grven by Clark and Wrlhams9 and 
Mrtchell and Wrlhams” with the “cN frequency in the 2090 cm’ regron- On the other 
hand, Chamberlain and Barlar33, and Baldwm34 have reported the energy of the “CN 
band for a number of N-bonded mrxed hgand complexes of Cot‘* to be unusually hrgh; 
e.g. [Co(NHs)sNCS] Cl*, 2 141 cni’ , cis-[Co(en)sCl(NCS)C104, 2135 cm-‘. (Most other 
Corn examples are lower, but generally above 2 100 cm’ , no homogeneous CoRI thro- 
cyanate complex IS known.) There seems no reason to expect throcyanate bndgmg m 
these examples, so that it 1s evident that this cnterion also must be apphed wrth care In 
case of brldgmg, vcs is generally found lowered from rts value m the analogous non-brrdged 
N-bonded complex, but rt 1s most often well above the normal S-bonded range (the Ptrv 
compounds m Table 4 are among the exceptions to this) Data for the other known 
bridging type are too rare for comment_ 

The position of the v C_s band seems to be a more rehable guide to N or S bonding lo- 
No example appears whrch clearly contradrcts the published cnterion, I.e. near 700 cm’ 
for S-bondmg and near or above 800 cm r for N-bonding Some weak, long Cu-SCN bonds 
gtve values only slightly below the free-ion value 57 Occasronal sphttmg 1s noted Unfor- _ 
tunately, as mentioned, the weak band IS frequently difficult to identify with certainty”’ 
This IS well rllustrated by the tetraethylammomum salts of the rare earth rsothiocyanate 
complexes, where a band at 82 1 cm-’ m the ytterbium compound may be assigned to 
this bond, but 1s hrdden by a stronger peak from the cation m the other members of this 
series which were exammed. 

Clark and Wrlhamsg have noted a correlation between the posrtron of the VC_~ band 
and structure_ For a series of Co, Nr, Fe, and Cu N-bonded systems mvolvmg pyrrdme 
ligands, monomerrc octahedral compounds gave tins band at 798-805 cm-‘, for octahedral 
polymers (brrdgmg SCN-) rt was at 780-790 cm-‘, whrle for tetrahedral monomers rt fell 
at 840-851 cm-’ _ These ranges would undoubtedly expand and overlap rf other systems 
were considered, but rt does appear that some structural dtfferentratron 1s possrble. Results 
of Table 2 show vcs of tetrahedral complexes to be generally higher than octahedral, 
although oxrdatron state IS an rmportant consrderatron Higher frequencies are found wrth 
hrgher oxrdatron states, especially IV and V; Zrw and Hfrv, m partrcular, are above 
870 cni’ The niobmm and tantalum (V) systems are again interesting in this respect. 
Brown and Knox 5o*51 assign this band to 880-940 cm-’ for a number of salts of both 
metals, while Biihlaud et al. reports it near 800-825 cm-’ for Ta in other salts 52-54 _ The 
former values seem very high, even consrdermg the effect of oxrdation state; confusion 
with peaks from the orgamc cation remains conceivable in some cases, smce rt must be 
kept in mind that some changes in cation spectra with amon can take place, probably as 
a result of crystal lattrce effects However, thus does not explain simrlar values when no 
organic material rs present The bands in question may just possrbly be overtones of the 
bendmg modes, but m any event, the disagreements in the spectra reported by these two 
groups remain unexplained_ There seems little doubt of N-bonding, however_ The gener- 
ally low vCN and high vcs values found in the NbV and TaV compounds were Justified 
by Knox and Brown So on the basrs of a reciprocal relatlonship between the vCN and 
vcs frequencres which was notrced for orgamc isothiocyanates and s&con tetraisothro- 
cyanate 29*58 and whrch is evident also m the ZrIV and Hfrv compounds 

Gird. C&m. Rev., 6 (1971) 407445 
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The iridium, osmium, and ruthenium compounds also gve nse to dlffcultles The 
vcs band was assigned by Schrnidtke and Garthoff5’ to 822 cm-’ and 812 cm? for OS 
and Ru respectively, although a weaker band was observed m his and our work at 690 cm-’ 
Iridium, with similar bands, was considered to be S-bonded as is rhodmm’ with only a 
693 cni’ peak. Interpretations of the other bands are somewhat ambiguous, but lean 
toward S-bondmg Agam, confusion wrth a cation band becomes a posslblllty, and m this 
case the positional criteria are unrehable These compounds are of particular Interest, as 
the change from class a to class b behavior occurs m tlus region of the Penodic Table. 

The 6,~~ frequency also seems to be a fanly reliable, If empirical, mdicator of bonding 
mode, although m some cases conslderable splitting of the band may occur even for N- 
bonded systems (Table 1) All such examples, however, show a component near 480 cni’ , 

as anticipated It is not possible with the presently available data to say if splitting corre- 
lates with non-hneanty of the M-N-C-S group, but ti could partially allow modes which 
are not mfrared active m a lmear case. Knox and Brown” attnbute two medium-mtenslty 

bands m the 400-500 cm-’ region of the Nb and Ta spectra to deformation modes, as Id 

Carlson*’ in his treatment of Sl(NCS), _ This is not found to be the case generally; most 

assignments propose the second bendmg mode to be below the v~_~ band and conse- 
quently24 near or below 200 cm-’ as m [Zn(NCS), ] *-_ The S-bonded systems only rarely 
show a band as hlgb as 470 cni’ (Pd” and PtU) but these are highly split with several 
low-energy components Bndgmg (-N-C-S-) gives results similar to S-bonding. 

(11) Selenocyanate and lsoselenocyanate complexes 

Band positrons for selenocyanate complexes are collected m Table 5 The vcse band 
clearly can be found in one of two defmlte areas; above the free-ion value and near 

620-700 cm-‘, or below the former and in the 500-550 cm-’ regon. These are assigned 
to the N- and Se-bonded forms respectively, and when other evidence for bondmg mode 
is avdable the above criterion agrees with it. The position of the VcN frequency for the 
apparently N-bonded cases 1s generally below about 2080 cm-‘, but lugher values m the 
range typical for Se bondmg are found as well. Indeed, VcN 1s often very close for analo- 
gous CNS and CNSe- complexes. Several examples which are believed to be bridged via 
the -NCSe- mode also are given in Table 5. As for many bridged thiocyanate compounds, 

the vCN band lies well above 2100 cm-‘. 
The 6NCS, band also appears to follow the CNS pattern. Se-bonded compounds show 

at least one component of this vibration below 400 cm-‘, while the N-bonded systems, 
even when spht, do nor he this low 

As with thiocyanate, the selenocyanate bonding mode is sensitive to other ligands 
Accordmg to the work of Burrnelster et al 47*6o, however, electromc effects are of much 
less significance as the charge distnbutlon would mply. Stenc factors are important, and 
the examples of change of expected bonding mode with this hgand can be related to this. 
Examples of h&age isomers are given in Table 5. 
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TABLE 5 

Infrared spectra of selenocyanate complexes0 

Compound z+N(cm-l ) -1 
vCSe(cm ) &NcSe(C!T?) vM-_L@m-l) Ref 

K[&(SeCNhl 

Na3 [Bl(SeCN)6] 

(EbN)2 [Cdz(CNSe)e] b 

cat2+(Co(NCSe)4] c 

(Me4N)4 [Co(NCW6 I 

We4N)3 ICrWCSe).s] 

CuL2(SeCN)2d 

(BQN)~ [DY(NCS&] 

(BU’% [Er(NCSe)h] 

cat-[ Fe(NCSe)a] c 

(Me4Nb [Fe(NCSe)6 1 

K2 t Hg(SeCN)d 

(Me4N)4 [Mn(NCSe)6 I 

(Bu@)~ [Nd(NCSe)6] 

cat*[Ni(NCSe)4] ’ 

(Me4N)4[Nl(NCSehd 

(Med% [WSeCNhd 

(Bud’% IPrUW3%1 

(Bud% W(SeCNhl 

2105(sh) 
2097 

2110 
2085 
2073 

2 125(h) 
2109(s) 

2073(vs) 
2062(vs) 

2087(s) 

2167(s) 
2141(sh) 

2072(s) 

2047 e 

2050e 

2062(vs) 
2049(vs) 

2083(s) 

2098(s) 

2048e 

2058(vs) 
2049(vs) 

2072(s) 

2058 e 

2145(m) 
2092ivs) 
2075(s) 

2096(s) 

2114(s) 
2105(s) 

2055(br) 

2132(s) 

2105(s) 

2060(w) 

Coord. Ciiem. Rev., 6 (1971) 407-445 

540 

548 
535 

398 

419 

405 

589(sh) 417(w) 
582(m) 408(m) 

654(vw) 430(m) 

623(w) 
606(w) 

668(m) 
663(m) 

530(m) 

644(s) 

646(s) 

662(vw) 
646(vw) 

606(w) 

543(w) 

426(m) 214(s) 

434(m) 

435(m) 

428(w) 

642(s) 

649(vw) 
636(vw) 

623(w) 

6 15(s) 

653&w) 

422(m) 

407(w) 
389(w) 

433(m) 

429(w) 

420(m) 

428(mj 

429(w) 

606(w) 

521(w) 

423(m) 

410(w) 
374(m) 

619(m) 

522(m) 

428(m) 
417(w) 

387(w) 

376(w) 
363(m) 

5 16(w) 

261(s) 

249(s) 

205(s) 

243(s) 

195(s) 

237(s) 

237(s) D 

240(m) D 

219(mw) 
203(mw) 

G,l 

J 

A 

B 

C 

C 
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TABLE 5 (conrazued) 

R A BAILEY, S.L. KOZAK, T.W. MICHELSEN, W N. MILLS 

Compound VCN(cm-‘) VCSe(cm-‘) 6NCSe(cm-‘ ) rML(crn-’ ) Ref 

@LI% Wn(NCW6 I 

TrCp,(NCSe)z f 

(Me4N)s ]V(NCSe)e ] 

(Bu~N)z[VOW=W,I 

Oh4Nh [Y(NCf%‘k,l 

(EbNh[Zn(NCSeh 1 

Cd(NCSe)eHgg 

2063 e 

2050 

2075 

2060 

207 l(s) 

2052(s) 

2067(s) 
203O(sh) 

2066(vs) 

(Bu4N)a]V(NCSe)e]r 

Co(NCSe)aHgg 

Cu(NCSe)aHgg 

Pb(NCSe)GHgg 

2141 

2126 

2109 

2073(s) 
2059(s) 

2135(s) 

2148 

2122 

Zn(NCSe)eHg HzOg 

[Hg(SeCN)a] zPbg 

[Hg(SeCNhl 2Cug 

2155 

2100 

2140 

2124 

2160 

2141 

[Pd(Et4dten)SeCN] Ph4Bh 2121(s) 

[Pd(Et,+dren)NCSe] Ph4Bh 2085(s) 

6 14(s) 425(m) - 

600 457 

593 448 

663 443 

680(m) 495(m) 

600(s) 485(sh) 

634(m) 429(m) 

660(w) 

606 

432(m) 233(s) 

415(w) 

407 

681(m) 
664(m) 

639(m) 

442(m) 308(s) 

597 

563 

582 

564 

545 

627 

417(w) 
403(w) 

405 

t400 

545 

535 

607 

592 
570 

533(w) 

618 

417 

407 

<400 

417 

407 

404(w) 282(w) 

G 

K 

L 

M 

C,G 

D 

N 

M 

NH 

WO 

0 

P 

P 

u All spectra taken m nmol mulls except as mdtcated 
b Pro osed structure has 2 brrdgrpg and 4 temnnal (N-bonded) CNSe groups 

c cat8 - - [p_xylylenebn(tr.phenylphosphonmm)] *. 
*L = NJV drethyl-1,2&ammoethane 
e In nrtrobenzene solutron 

f Cp = (cycIopentadrenyl)- 

g Known or beheved to be brrdged 
hEt4dten = 1,1,7,7-tetraethyldiethylenetnamme 

r KBr pellet 
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TABLE 5 (confrtzued) 

REFERENCES TO TABLE 5 

A Yu.Ya. Khantonov and G V. Tsmtsadze, Russ J Inorg Cilem , 10 (1965) 18 
B V-V. Skopenko, A. Zhumsbau and G-V Tsmtsadze, Ukr Khtm Zh ,36 (1970) 329 
C J-L. Burmetster and L E Wrlbams, lnorg Chem , 5 (1966) 1113 
D D Forster and D M L Goodgame, Inorg Chem., 4 (1965) 1712 
E K MJchelsen,ActuChem Stand, 17 (1963) 1811 
F hi E. Famgo and J M. James, Inorg CIJem ,4 (1965) 1706. 
G J L Burmerster and E A Deardorff, Inorg C/JJm Acta. 4 (1970) 97 
H A Turco, C Pecrle and M Nmolmi, J Chem Sot , (1962) 3008 

I J L Burmeister, S D. Patterson and E-A Deardorff,Inorg CfJmJ Acto, 3 (1969) 105 
J A Sabatmi and I Bertmi, I?JOrg CtJem ,4 (1965) 959 
K J L. Burmenter, E A Deardorff and C E Van Dyke, fnorg Cilem , 8 (1969) 170 
L V V Skopenko and E I. Ivanova, Russ J. Inorg Cilem . 14 (1969) 388 
M H H Schmrdtke and D Gartboff, Z Nahlrforsch ,24A (1969) 126 
N Yu Ya Khantonov and V V Skopenko, RJISS J IJJorg C7Jem , 10 (1965) 984 
0 R M Alasaniya, V V Skopenko and G V Tsmtsadze, Tr GrUZJ?Jsk Pohrekhn Inst , (1967) 21. 
P J L Burmeister, HJ Gyslmg and J C Llm, J Amer Chem Sot ,91 (1969) 44 

(ni) Cyanate conJple.xes 

Infrared spectra of cyanate complexes are collected m Table 6 All examples show 

an increase 111 +N and a decrease in 6NCO on coordmatron, and m most of these, vco 

is increased, with the Fermr resonance present m the free ton bemg eliminated Although 
mrxmg makes interpretation of shifts more uncertain for this ion, this IS the behavior ex- 
pected for N-bonding, and there seems little doubt that this IS the bonding mode here 
Oxygen bonding has been proposed for a few compounds on the basis of a different by- 
havror of the vco band In the Re Iv and Mom compounds bands near 1300 cm-’ and 
1140 cm’ are explamed 3a by Fermi resonance from an overtone of 6NCO and the vco 
frequency near 1220 cm’. This would represent a decrease of the expected magnitude 
(The Rev compound is tentatively grouped with these, although no v 

P 
bands were 

seen.) Burmerster et al. 3g have used the same argument with some TI , ZrW and Hf% 
compounds. in all of these cases, no band assignable to vco was seen above the frekon 
value. Unfortunately m the above compounds, rather complex orgaruc spectra are pres- 
ent in these regions which raise some possrbrhty of the appearance of new bands through 
symmetry effects, or the cyanate bands may be obscured by hgand absorption While 
there is some other evidence for O-bonding m these cases, an absolute determmatron of 
bonding mode here would lead to a good deal more confidence rn the existence of thrs 
lmkage type and m the reliabrhty of this infrared criterion_ 

Several compounds included m Table 6 requrre further comment. One, Ka [Hg(OCN)4 1, 
1s listed as oxygen-bonded, and if confirmed would be very mterestmg in comparison wrth 
K [Hg(NCO),] _ However, confidence in the assignments given for these and for the silver 
complex described by the same authors61 is shaken by a certam arbrtrarmess and by the 
presence of as many as 20 other frequencies spread over the spectrum_ Some of these 
may be accounted for as overtones or combination bands but most seem mexplicable if 
the complexes are pure compounds of the formulae given. No analytrcal data or prepara- 
tion detds are provided. 

Coord. C&em. Rev, 6 (1971) 407445 
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TABLE 6 

R A. BAILEY, S L. KOZAK, T_W MICHELSEN, W-N. MILLS 

Infrared spectra of cyanate complexes” 

Compound VCN(cm+) YcO(cm-*) 6NCO(cm-1) ~ML(ctn-‘) Ref. 

(PhsAs)[Au(NCO)zl e 

(Et4N)2[Cd(NC0)41 ’ 

K[Cd(NCo),l”= 

r 

K[Cd(NCo)sl ’ 

(Et4Nl2 [CdNC0)4 I 

[Co(NHa)s(NCO)I (c104)2 

Et4N[CdCO)s(NCO)I 

(Ph4As)a [Cr(NCO& 1 

(EkN)z [Cu(NC0)4 1 

(BuqN)3 IEr(NCO)6 I 

(ELdWFe(NCOM 

(Ph4 As) [Fe(NC0)4 1 

HfCp,(OCN)z ef 

2215 
2165 

2251(s) 
2179(sh) 

2262(sh) 
2 174&s) 

2246 

2203 
2151 
2140 
2113 
2088 

2250 
2202 

2217(sh) 
2 179(VS) 

2265 

2224(m)d 

2205(s) 

2247(sh) 
2183(vs) 

2270 
2251 
2220 
2163 
2150 
2105 

1335(w) 620(m) 
617(sh) 

1335 

1288(s-m) e 595(s) 

1335(m) 619(m) 
601(m) 

1328(w) 619(m) 

617(m) 
612(h) 

1348 703 
1318 660 

642 
609 

2155(s) 1322(m) 608(m) 

2182(vs) 1337(w) 619(m) 

2208(sh) 1370&w) 626(m) 
2171(w) 619(m) 

2246(s) 1257(w$ 632(m) 

221 l(s) 1071(sh) 606(m) 

1318 665 
1303 638 

629 
608 
598 

1355(m) 

1328(w) 621(s) 

1368 658 

1350 646 
1300 620 
1291 

1328 680 
647 

625 

620 

298(s) 

290 

280 

345(s) 
213(m) 

280 

345(s) 

338(s) 

400 
355 
340 
320 

325(s) 

410(s) 

[239(w); 

A 

B 

C 

D 

E 

C 

F 

G 

H 

C 

D 

I 

C 

C 

J 
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TABLE 6 (confznnued) 

Compound vCN(cm-‘1 vCO(cm-t 1 6NCO(cm+ 1 uML(cm-‘) Ref 

2295 

2195 
2132 

KZ [ HgWCN)4 1 b 2150 

2210 
219O(sh) 

2240(s) 

2222(h) 
2174(vs) 

2205(s) 

(Me+% LPd(NC0141 

2220(& 

2237(sh) 
2186(vs) 

2190- 
2200(s) 

2252(sh) 

2235- 
2245(s) 

2224(s) 

(Ph4As)VWOCN)al e 

Rh(Ph3P)2(CO)NC0 e 

(Me4N)z [Sn(NCOkl 

2220(s) 

2239(s) 

2270&h) 
2188&s) 

2235(s) 
2196(s) 

2216(s) 

(&N)2[U02(NC0)41 

VCp2(NCO)2 =d 

2193(s) 

2239(s) 
2213(s) 

2230(m)d 

Gwni, Gem. Rev., 6 (1971) 407-445 

1380 665 
1305 638 

628 

618 
610 

1162 666 
638 
590 

1353(s-m) 

1335(m) 623(s) 

1296(m)g 595(m) 
1140(m) 

1302(~)~ 

1330(w) 619(sh) 
617(s) 

1319(m) 637(vw) 

613(m) 
604(m) 
594(s) 

1322(m) 587&w) 

577(vw) 

1306(w)g 595(m) 
1138(w) 

1340(m) 

1307(vw) 667(sh) 
622(s,br) 

1132(m)g 626(m) 
593(m) 

1302(m-s) 599(m) 
590(m) 

1322(w) 656(m) 
620(m) 

1329(m-s) 603(m) 
592(m) 

1320(m)e 592(m) 

334(m) 
309(m) 

325(s) 

341(s) 

408(sh) 

384(s) 
35O(sh) 
274(vw) 

383(vs) 

[235(s)] 
[216(s)l 

276(s) 
262(s) 

292(m) 

A 

A 

K 

B 

C 

L 

G 

C 

M 

N 

L 

L 

B 

M 

J 

J 

H 

J 

G 
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TABLE 6 (conrznued) 

Compound 

034N)[Zn(NC0)41 

ZrCpz(OCN), =f 

VCN(cm-I) vCo(cm-‘) 6NCD(cm-‘) VML(Cm-‘) Ref. 

217+(vs) 1335(w) 623(s) 321(s) C 

2233(s) 1257(w)g 63 l(m) 3 
2200(s) 107O(sh) 607(m) 

a Mull spectra except as noted 
b See dIscussIon m text 

f Cp = (cyclopentadlenyi)- 

c Possibly bridged 
g Fermi resonance between +-o and 2SNCD 1s 

d In acetone solution 
proposed 

” Py = pyndme 
e KBr pellet 

REFERENCES TO TABLE 6 

A 

B 
C 
D 

E 
F 
G 
H 
I 
_I 
K 
L 
M 
N 

G V. Tsmtsadze, A Yu Tslvadze and Ts L Makhatadze, Soobshch Akad Nauk GIUZ, SSR. 56 
(1969) 301. 
W Beck, W P Fehlhammer, P. Pollmann and H. Schachl, Chem Ber , 102 (1969) 1976 
D Forster and D M L Goodgame, J Chem Sot , (1965) 262 
A Yu Tsvadze, G V Tsmtsadze, Yu Ya Kharltonov, A M Golub and A M Mamulashvdl, Zh 
Neorg Khim, 15 (1970) 1818 
J-L. Burmelster and T P O’Sullivan, Inorg Cfum Acfa. 3 (1963) 479 
R J. Balahura and R B. Jordan.fnorg C&m, 9 (1970) 1567 
W Beck, H Werner, H. Engelmann and H.S. SmedaI, Chem. Ber.. 101 (1968) 2143. 
R A. Bailey and T W Mlchelsen, unpubhshed results 
J L Burmeister, S D Patterson and E A Deardorff, Inorg Chum Acra, 3 (1969) 105 
J L. Burmeater, E A. Deardorff, A. Jensen and V H ChrIstIansen, Ilrorg Chem , 9 (1970) 58 
S J. Pate1 and D G Tuck, J Cizem Sot , (1968) 1870. 
R A. Bailey and S L Kozak, J Inorg Nucl Chem , 31 (1969) 689 
D Forster and D M L Goodgame, J Chem Sot , (1965) 1286 
A H Norbury and A LP Smha. J Chem Sac , (1968) 1598. 

The spectrum of the [CU(NCO)~ ]- compound m Table 6 IS also questionable M view 
of the large number of peaks; this and the spectrum6* of K [Cd(NCO)s ] are to be com- 
pared with the data for the latter compound by Burmeister and O’S~lhvan~~ also in- 
cluded. They are very likely bndged 

The only estabhshed mode of bndgmg for cyanate IS >NCO Tlus has been discussed 
by Nelson and Nelson 64, some of whose data are summarized in Table 7 The vCN band 
is not diagnostic for bridging; the frequency IS less for bndged than for non-bndged com- 

-- plexes of ihe same metal, but thus is a very small effect, well wnhm the shift caused by 
changes of other hgands The vco band 1s 30-60 cm-’ lower m bridged than m non-bndg- 
ed examples, and has a much reduced intensity Stdl more dlagnostxc is the splitting of 
?&o. This IS often spht 111 terminally bonded NCO- groups, but only by a few wave 
numbers In bridged compounds, sphttmg IS 30-50 cm-’ (correlating with the ionization 
potential of the metal) with the h&-energy component near or above 600 cm-‘. (The 
O-bonded cyclopenta&enyl compounds III Table 5 show nearly 30 cni’sphtting, but 
the lugh component IS much lower ) This has been explained64 on the basis of the bent 
M-NC0 group necessary for bridgmg of this sort, while terminal N-bonding gives a more 
nearly lmear groupmg. 

. 
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TABLE 7 

Infrared spectra of bridged and terminal cyanates= 

Compound b structure c vCN(cm”*) &cm-‘) S NCO(cm-’ ) 

MnLz(NCO)z 

MnL&NC0)2 
FeLz(NcO)z 
FeL&NCO)z 
CoL2(NCO)2 

CoL4(NCo)2 
Nd2<NCO)2 
NIL~(NCO)~ 
AgNCO 

Bridged 
Termmal 
Bndged 
Termmal 
Bndged 
Tenllmal 
Bndged 
Termmal 
Bndged 

218% 
220% 
2180s 
2216s 
2185s 
2222s 
2180s 
2222s 
2170s 

13oow 
1334m 
1305w 
1350m 
1303w 
1334m 
13oow 
1330m 
135ow 

658,629m 
628,620m 
661,622m 
620,613m 
667,623m 
620,613m 
671.621m 

620,612m 
657,598m 

a Taken from J Nelson and S M. Nelson, J Chem Sot , (1969) 1597. 
b L = 3cyanopyndme 
c Bndged m the form hi 

> 
NC0 

M 

Attempts to change the bondtng mode of cyanate hgands as has been done wrth the 
tbiocyanate and selenocyanate have been unsuccessfu122~63, this ligand is much less sensr- 
tive to both electromc and stenc effects Discussron 1s given by Norbury and SurhaZZ _ 

TABLE 8 

Infrared spectra of fulmmate complexesn 

compound 2vNO(cm-‘) VcN(cm’) VNO(cm’) GNCO(Cm-‘) 

W,) (“as) (us) 
Ref 

[Co(phen),lJ [CO(CN0)6]~-10H20 b 2229(m) 

tCr(en)31 tCo(CN0)61 3&O 2241(m-s) 

Nq[Fe(CN0)6] lSH2O 

lFe(phen)n(CN0)21 Hz0 b 2200(m) 

Nq(Fe(CN)sCNO]-$H20 

(CsHs)&eCNO 

(Ph4As)z [Hg(CNO)41 

Hg(CNO)a ’ 

2540(m) 

2336(m) 
2294(m) 

2405(m) 

K&J8(CN0)41 2270(m) 

2154(m-s) 

2161(m) 

2195(m) 
2 147(w,sb) 
2057(w) 

2119(m) 

2187(m) 

2164(s) 

2154(s) 
2136(s) 

2200(s) 

2130(s) 

1100(s) 

1097(s) 

1049(s) 

1101(s) 
1085(s) 

1050(s) 

1276(m) 

1156(s) 
1138(s) 

1205(s) 

1143(s) 

A 

B 

B 

A 

465(w) C 

D 

485(w) E 

488(m) F 
481(m) 

E 

Ciwrd. C7zem. Rev.. 6 (1971) 407445 
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TABLE 8 (cozztzzzzzed) 

Compound 

R A. BAILEY, S L. KOZAK, T.W MICHBLSEN, W N MILLS 

2+K$cm-‘) vCN(cm-z) yNG(cm‘-‘) 6NCG(cm’) Ref 

(2vs) (“as) (us) 

[Mn(phenMCNO)~1 5 Hz0 b 

Na2 [Nr(CNO&] 5H20 

INr(phenM PWCN0)41 Hz0 ’ 2257(w-m) 2151(s) 

trans-(P(C2H,),),PtHCN0 2268(m) 2110(s) 1136(s) 

Na2 [Pd(CN0)4] 5H20 e 2269(s) 2188(s) 1127(s) 

Naa[Pt(CN0)4] 5HaO 2276(s) 2193(s) 1122(s) 

(CsHs)aSnCNO 2315(w-m) 2156(s) 1165(s) 

2274(w) 2076(s) 
2184(w) 2067(sh) 

2263(s) 2184(m) 

2294(m) 2123(s) 1149(s) 

2070 1145 
2175 1182 

1140(s) 

1122(s) 

1126(s) 

497(m) 
492(m) 

479(m) 
470(m) 

502(m) 
483(m-s) 

492(m) d 
483(m) 

463(m) 

465(m) 

482(m) 
464(m-s) 

499(m) d 
484(m) 

480 
470 
460 

A 

G 

A 

D 

H 

G 

G 

D 

I 

Q In nu)oI except as mdrcated 
b phen = o-phenanthrohne 

VHg-CNO, 340(s). 

REFERENCES TO TABLE 8 

’ Assigned as vMe~NG 
e KBr pellet 

C f Spectrum of questronable validrty 

A W. Beck and E Schurerer, Chem. Ber , 95 (1962) 3048 
B W Beck, Z Narurforsch, 17B (1962) 130. ’ 
C W. Beck, Z Anorg. AIIgem Chem , 333 (1964) 115. 
D W Beck and E Schuierer, Chem Ber ,97 (1964) 3517 
E W Beck and E Schurerer,Z Anorg A&em Chem ,347 (1966) 304 
F W. Beck and E Schurerer, J. Organometal Chem , 3 (1965) 55. 
G W. Beck and E Schurerer, Chem Ber ,98 (1965) 298 
H W. Beck and K Feldl, Z. Naturforsch , 21B (1966) 588. 
I G.V Tsintsadze, A.Y. Tswadze and Ts L Makhatadze, Soobsch Akad Nauk Gtuz. SSR. 56 (1969) 

301. 

(a%) Fulmmate complexes 

Infrared spectra for most of the known fulmmate complexes are given m Table 8. AlI 
of these are presumed to be bonded through carbon, and all bonds show increases m fre- 
quency, with the exception of “NO in some of the Fen compounds. There does not seem 
to be any evidence to indrcate that the smah decrease here rs due to a different bondmg 
type. One bridged example (Fen-CNO-BF3) is suggested, but only the vcN band is re- 
ported‘j’ at 2200 cm’. This IS higher than usual. A band assignable to the first overtone 
of “NO IS seen in most examples bztwee&%S30 cm-’ and 2300 cm-‘. Considerable se&- 
tivrty of band positi0r.s to counter ions and to other hgands is evident. 
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TABLE 9 

Integrated mtenslty data for tfuocyanate complexes 

Complex Solvent 6.q#m-t) vmax(cm-‘) ,4(x lo4 K’ em-*) Ref 

K [AuWN)4 I Acetonitrlle 

(Et4N)3 [CeWC.%l” Nltromethane 

(Et4W, [Co<NCS)41 Acetone 

K3 PXNCSkl Acetone 

(BuqW3 [DY(N_C% 1 Acetomtrde 

@Ed% [J+WC% I Methanol 

(EtqNI3 [Fe(NC%l Acetone 

(BuqNI3 [Gd(NC%l Methanol 

(Et4N)z[WNCS61 Acetomtrile 

Kz [ HgWNh I Acetone 

(Bu4N)~[HdNCSkl Methanol 

cs3 [MO(NCS)G] Acetone 

(EtqN)3 [Nd(NCS)e] n Acetone 

(BuqN)3 [Nd(NCS)h] Methanol 

(EkN)4 [NI(NCSk,] Acetone 

Acetone 

Kz (WS-041 

Pd(ASP)(SCN)(NCS)C 

Acetone 

Dlchloromethane 

Dtchloromethane 

Nitromethane 

(BuqN)3 [Pr(NCS)61 

K2 V’t(SCNh1 

K2 [Pt(SCN)6 1 

(32 [Re(CNS)ci 1 

Cs[ Re(CNS)e] 

(Bu~N)J[R~(SCN),~I 

Acetomtnle 

Acetone 

Acetone 

Acetone 

Acetone 

Acetone 

Acetone 

(Et4N)a [c@cs)61= 

(Bu4W3 [Sm(NCS)61 

Nttromethane 

Acetomtnle 

13 

44 

22 

20 

38 

20 

17 

18 

23 4 

31 
14 

416 
36 4 

12 

17 2 
53 6 

14 
41 

14 
24 

12 

11 

20 

31 

17 
22 

32 2 
28 6 

44 

2132 

2057 

2074 

2096 

2052 

2050 

2062 

2045 

2030 

2113 

2045 

2069 

2057 

2046 

2089 
2059 

2066 
2106 

2110 

2118 
2085 

2121 
2086 

2125 
2089 

2059 

2115 

2123 

2047 

2086 

2126 
2106 

2090 
2190 

2057 

2059 

05 

56 

88 

85 

18 

32 

15 2 

24 

99 

2 12 

32 

105 

56 

17 

62’ 

896 

1.5 

42 
8.2 

25 
10 7 

1.76 
9 68 

13 

23 

07 

15 8 

10 7 

24b 

71b 

56 

13 

A 

A 

A 

A 

C 

C 

A 

C 

A 

B 

C 

A 

A 

C 

A 

A 

A 

D 

D 

D 

C 

A 

A 

A 

A 

A 

A 

A 

C 

Chord. Chem.Rev..641971)407-445 
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TABLE 9 (continued) 

Complex Solvent -1 Anh(cm ) Vmax(cti’) A(X lo4 M-’ cm) Ref 

fBmd’O3 (TW=% I 

Cs4 [UWCS),l 

Cs3[UO~(NCS)sJ 

(EtqNI3 [V(NCS),l 

(Et&)2 WXNC.941 

(Et4 W2 P’nW3)4 I 

EMOz IZrOJCS61 

Et4N)3P’WUCSM 

O~.OJ)J [YW’JWeI 

Methanol 

Acetomtrde 

Acetone 

Acetone 

Acetomtde 

Acetomtnle 

Acetone 

Nltromethane 

Methanol 

36 

24 

24 

14 
31 

20 

20 

19 

2050 

2052 

20.57 

2074 

2086 
2073 

2071 

2000 

2053 

2048 

21 

13 0 

11 6 

12 3 

133b 

92 

13 5 

10 5 

30 

A 

A 

A 

C 

n Dissociated m solution 
b Sum for both peaks 
c ASP = dlphenyl(o-dlphenyIarsmophenyl)phosphme 
d PP = 1,2-bIs(dlphenylphosphmo)ethane 
e P&N = dlphenyl(2-dlmethylammoethyl)phosphme 

REFERENCES TO TABLE 9 

A R A. B&ey, T W Mlchelsen and W N Mdls,J Inorg iVucZ Chem , III press 
B C PeclIe, Inorg. Chem , 5 (1966) 210 
C J L Burmelster, S D Patterson and E A Deardorff, Inorg Chrm Act@, 3 (1969) 105 

D D W IMeek, P E. Nlcpon and V I Meek, J Amer. Chem Sot ,92 (1970) 5351 

(vj Intensrty Considerations 

The values found for the integrated mtensitres of thlocyanate complexes are gwen 111 
Table 9 The mtegrated mtensltles, generally, are determined usmg Ramsay’s method of 
direct integration G. This uses the equation 

Area = 
Ymax 

Lwjia 

where K is a correctron factor which relates the actual absorbance and half band width to 
the measured values, L\uga is the apparent band width at half the absorption maximum, 
c IS the molar concentration, 1 IS the cell thickness, T IS the transmittance of the sample 
solution, and To that of the solvent, at the absorption maxunum K can be taken as 7r/2 
for most cases where slit width/apparent band width at half intensity IS less than 0 40. 

There is httle qcestlon that thrs is a legltunate cntenon for dntmguishmg bondmg 
mode, but considerable care .must be taken in interpretmg the results. Many pea& are not 
snnple m solution, and this clearly IS evident when scale expansion is used to minimize 
measurement errors. In order to amve at a reasonable estunate of integrated intensity by 
Ramsay’s method of &sect integration 66 , these must be resolved into their components 
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The ongm of the several peaks must also be consrdered. In many cases thrs may be due to 
a lack of the regular octahedral or other symmetry which predicts degeneracy of the 
stretchmg modes of each C-N group; many complexes are inherently rrregular as men- 
tioned. However, in solutron measurements, partial dissociation or reactron with solvent to 
give a mixture of species may take place, and a component falhng in the posrtron of “free” 
throcyanate 1s suggestive of this. As a consequence, values are increased for S-bonded, and 
decreased for N-bonded cases If total area is used Knowing the mtensrty of free CNS-, 
this effect can be corrected for. However, distinguishing free CNS remams a malor un- 
certainty. The Nrn compound which grves an mtermedrate value of intensity (Table 9) 
may be an example of such dissoclatlon. If the component at 2058 cm-’ m thus example 
IS considered to be free tblocyanate, it would mlply a loss of 2 hgands and the second 
component gives a good value (8 1 X 104) for N-bonding. The same type of observation 
was made for the rare earth complexes, most of which are known to be at least partially 
dissociated in so1ution6’ and Indeed most are completely dissociated here. The most 
stable, Yb, gave an integrated mtensrty as expected for an N-bonded case with little free 
CNS apparent Burmeister et al. 68, on the other hand, report no dlssoctation in acetom- 
tnle and methanol solutions, and find exceptlonahy large values for the mtegrated mten- 
sities of some of them. 

The choice of solvent 1s of some rmportance m makmg these measurements, as rt will 
affect the shape and mtenstty of the peak (as well as posstble drssociatron reactions)_ In 
general, hydrogen bonded solvents such as alcohols produce considerable broademng, but 
the integrated intensity values seem to vary by only a small amount from solvent to sol- 
vent. Lrttle comparative work m different solvents is available, however. A few values of 
KCNS whtch illustrate the magnitude of the effect arer6- (CH3)*C0, 4 4, HCON(CH3)2, 
4.4, Hs 0,5.7, Ca Hs OH, 7 2 X 1 O4 M-’ cm-*. It has also been reported that the nature 
of the solvent can determine the bonding mode of thiocyanate in solution6’ (solvatlon 
energy may stab&e one form preferentially) and awareness of thts possrbthty IS essential. 

The mtegrated intensity values of the OS and Ru compounds (Table 9) show that these 
are indeed N-bonded, whrle the Rh compound is S-bonded6 and dlustrate the advantage 
of intensity data over the purely posrttonal cnteria 

Application of the intensity critenon to selenocyanate complexes gives smular results 
as for thiocyanates. Intensrtres as shown m Table 10 are above the free ran value (over 
5 X lo4 M-’ cm’) for systems for which positional and other indications imply N-bond- 
ing, whrle below this (less than 2 X 1 O4 M-r cm”‘) for Se-bondmg. The same limitations 
apply. The analogous behavror of the NrnNCSe- and NCS compounds is notable. 

The mtegrated intensity of the vCN band of cyanates has been measured22~3g~49 wrth 
results whrch are summarrzed in Table 11. All values lie above that for the free ton, m- 
&ding the Tirv, ZrW and HfW compounds beheved to be O-bonded_ Indeed, two 
peaks are reported for these, both of a high intensity. A simple argument as to the inten- 
s~ty change to be expected m this case does not take account of the effects of mixing of 
the vtbrattonal modes, and it IS not clear if these observations can be justrfied for an O- 
bonded cyanate In any event, rt provides no support for the oxygen-bonded mterpre- 
tatron. 

An attempt to extend the intensity cnterion to insoluble materials has been made 
usmg an internal standard technique ” _ The C-O (carbonyl stretclung) band of salicychc 

Cbod. Ci%em Rev,, 6 (1971) 407445 
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TABLE 10 

Integrated mtensrtres of vCN for complexes of the selenocyanate Ion 4 

Compound vCN(cm+) AmjJcm”) emax ,4(x lOA M-’ cme2) Ref 

KCNSe 

KCNSe b 

(Bu.~%[C~~UXW~ ’ 

(EtdO2 P3WCSeM 

CrCp(NO)2(NCSe) d*e 

(Bu4N)s [DY(NCSe161f 

(Bu4N)3 ]Er(NCSe)e] f 

(BwN)s]Fe(NCSe)41 

(Bu4N)4]Fe(NCSe)el 

FeCp(CO)a(SeCN) d* e 

(Bu4N)s [Ho(NCSek] f 

K, [W-W4 I 

MoCp(CO)s(SeCN) d*e 

(Bu4N)4 ]Mn(NCSe)e] 

(Bu4N)a [Nd(NCSekl f 

(L&N)4 ]Nr(NCSe)e] 

OhJ’J)2 P-W~Nhl 

[Pd(Et&en)SeCN] Ph,Bg 

[Pd(&dien)NCSe] Ph4Bg 

[Pd(dien)SeCN] Ph4B 

(Bu4N)3[M'JCW61f 

(Bu~N)z[WS~CN)~I 

KzIPt(S~N)61 

(Bu4W3WWWsl 

(Bu4N)3[WNCW61f 

T&‘p(NCSe)2d*e 

WCp(C0)3(SecN)d*e 

(Bu~N)~WOJCW~ I 

(Bud02 W@CSeM 

2068 

2069 

2120 
2076 

2070 

2104 

2047 

2050 

2064 

2064 

2126 

2048 

2116 

2130 

2064 

2058 

2100 
2070 

2113 

2125 

2089 

2127 

2058 

2117 

2122 

2107 

2063 

2050 
2015 

2232 

2068 

2087 

16 307 

18 470 

16 557 
24 300 

20 1400 

27 1080 

27 1050 

16 245 

26 920 

30 364 
20 210 

10 170 

13 124 

14 127 

15 176 

27 514 

25 1050 

18 

31 

32 
26 

95 

5.7 1 

16 

17 

11 

10 

0.81 

17 

145 

107 

87 

12 

40 
15 

0 62 

0.63 

66 

0 85 

10 

059 

055 

0.96 

11 

12 
10 

081 

50 

9.5 

A 

B 

A 

B 

C 

D 

D 

A 

A 

C 

D 

B 

C 

A 

D 

A 

A 

E 

E 

E 

D 

A 

B 

A 

D 

F 

C 

A 

A 

4 In acetone except as noted. 
h In CHsCOC2Hs _ 
c Proposed structure. 4 termmal NCSe (1st entry), 2 bridged -NC%- (2nd entry). 
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TABLE 10 (contmued) 

d Cp = (cyclopentadrenylr_ 
e In chloroform. 
f In mtrobenzene 
g Et4dten = 1,1,7,7-tetraethyldrethylenetrramme. 

REFERENCES TO TABLE 10 

A J.L. Burmerster and L E. Wrlluuns, Inorg Chetn., 5 (1966) 1113 
B C Pectle,Inorg Chem ,5 (1966) 210 
C M.A Jennmgs and A. Wo~acki, J Organometd Chem , 14 (1968) 231 
D J.L Burmelster and E A Deardorff, Inorg Chum. Ado, 4 (1970) 97. 
E J L Burmeister, H J. Gysbng and J C Lrm, J Amer Chem Sac, 91 (1969) 44 
F J L Burmerster, E A Deardorff and C E Van Dyke, rnorg Chem , 8 (1969) 170 

TABLE 11 

Integrated mtensrtrtes of the vCN band of complexes of the cyanate ron 

Compound vCN(cml) Aq$cm-‘) E A(X lo4 M-' cm-‘) Ref. 

Phzs AsNCO = 

(Et4N)a [‘3WC0)41b 

(Et4Nl2 Wi(NCOM b 

(EtJ’J)z [Cu(NC0)41’ 

HfCp,WCN)a c 

(Et4N)a [Mn(NCO)41’ 

(Et4N)a INrU’ICO)41’ 

(Me4N)a [Pd(NC0)41 c 

(Et4N)a tPttNCO)41= 

TEP~(OCN)~~ 

21.58 25 925 84 

2208 16 

2193 14 

2225 12 

2246 12 
2211 18 

2198 15 

2205 13 

2202 58 809 17.0 

2252 42 968 14 8 

2235 13 
2196 18 

2239 14 
2213 15 

2212 13 

2233 12 
2200 16 

C 

B 

C 

c7 In acetone. 
b In nrtromethane. 
c Cp = (cyclopentadrenyl)-. Spectrum taken 111 dichloromethane, A calculated per mole of NCO- for 

each band 111 the doublet. 

REFERENCES TO TABLE 11 

A A H Norbury and A I P. Smha, J. Chem. Sot A. (i968) 1598. 
B J L. Burmeister, E A. Deardorff and C.E. Van Dyke, 1nor-g. Chem.. 8 (1969) 170. 
C J.L Bumenter, E.A. Deardorff, A. Jensen and V.H. Chnstiansen, Inorg Chew ,9 (1970) 58 

Gwrd them. Rev., 6 (1971) 407445 
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TABLE 12 

Internal standard rattos for thlocyanate complexesa 

Compound VCN @nil ) Internal standard ratlo b 

K[AuWNhl 

K2 [ Hg(S’J’O4 1 

K2 [ PWXM, 1 

K2 [Pt(SCN)el 

(Bu4W3 [RhW-k 1 

(EtqNh JCoWCSl4 I 

K3 [CrmCS), 1 

(EtqN)a [Fe<NC%l 

(EtqN)z [Hf(NCS)61 

cS3 [bfo(Nc%5 1 

(Et4N)2[MoO(NCS)sl 

(Et4NI3 [Nd(NCS& 1 

(Et,N)4 [Nl(NC%l 

(EtqNI3 [Pr(NCS)61 

Cs[Re(CNS), ] 

Tl2 [Re(CN& 1 

(EtdO4 FJWWd 

(Etc,Nh WWC361 
(EtqN)3[VOWCS)41 
(Et,N)3 [Yb(NC%1 

(Er4N)2[Zn(NCS)41 

(Et,N)z [Zr(NCS)61 

Hg[Co(NCS)41c 

Co[Pt(SCN)6] = 

Cu[Pt(SCN)6] = 

Fe[Pt(SCN)6] c 

2121 
2091 

2128 

2134 
2124 

2124 
2093 

2123 
2117 

2097 

2063 

2078 

2058 

1996 

2088 

2088 
2023 

2058 

2098 

2050 

2046 

2039 

2049 

2059 

2062 

2059 

2069 

1988 

2143 

2165 
2116 

2183 

2144 

2156 
2152 

07 

03 

04 

0.4 

03 

10 

17 

2.7 

25 

3.9 

29 

48 

16 

16 

19 

42 

36 

24 

30 

2.8 

20 

25 

54 

13 

04 

05 

40 6 

a Taken from R A. Bdey, T-W Mlchelsen and W.N. MI&J. Inorg. Nucf. Chetn.. m press 
b See text for explanation of ratio. 
c Bndged. 
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acrd (1654 cm-’ ) was chosen as reference, as rt 1s mtense and rarely overlaps wrth bands 
of the complex. A nulol mull or KBr pellet was prepared contammg known werghts of 
sahcychc acrd and complex_ The areas under the +N and carbonyl peak of the sal~cycl~c 
acrd were measured approxrmately (as peak height trmes half-width) and expressed as a 
ratio calculated to unit concentratron. There rs usually an obvrous difference m the mag- 
nitude of thrs ratio between N- and S-bonded examples, and this approach can perrmt the 
mtensity crrtenon to be used wrth samples which cannot be run m solutron, provided 
that thiocyanates of known structure are used to cahbrate the technique. Representatrve 
values are given m Table 12, and rt may be seen that the lanthamde compounds whrch 
were drssocrated m solution now all agree with the N-bonded range. 

(VI) Far @-ared data 

The far infrared spectra of a number of throcyanate ccmplexes have been considered 
by Forster and Goodgame “, Clark and W~llurms~ and others 571 7171-74 _ Bands whrch can 
be assigned to the metal-hgand stretch are seen m the 200-400 cm-’ range Thrs wrll be 
referred to as vM_N or vM_s, although in all probability the frequency is determined by 
the entrre throcyanate ran’ (Like the near infrared assignments, it 1s not implied that 
these are absolutely pure modes ) Some values are given m Table 13 Bending modes are 
expected below 200 cm-’ _ For S-bonded compounds, uM_S is found as a medium inten- 
sity band lying between the values found for the “M_cI and vM& frequencies in the 
analogous halide complexes, whrle N-bonded compounds have a more mtense +r_N band 
slightly above the correspondmg vM_cI bandlg (VMN > VMS) In attempting to apply thrs 
cnterion, however, care must be taken as geometry rs of considerable rmportance. As 
shown by Clark and Wrllrarnsg , UM_N (tetrahedral) > VM_N (octahedral), VM_,-J > VM_N 

for tetrahedral MXa b compounds, but vM_~ < VM_N for cctahedral ccmplexes. The latter 
1s not always true, as the apparently octahedral zrrconmm(IV) and hafmum(IV) hexano- 
throcyanates” have vMN < v~~CI, although by a very small amount. In addition, Clark 
and Wrlliamsg have found that the M-N frequency 1s at a higher value rn tetrahedral than 
in octahedral polymeric (-N-C-S-bridged) compounds, and thrs is suggested as a crrterron 
for clistingursh between these two srtuatrons Whrle shown only for a limited number of 
muted ligand compounds, it follows the same pattern as the M-Cl frequency. Lowering 
of symmetry from regular tetrahedral or octahedral (for example rn mrxed hgand com- 
pounds) may give rise to more than one M-L frequency. These may be separated by up- 
wards of 50 cm-’ m some tetrahedral Mb (NCS)a complexes9 , although 1~) others they 
may not be resolved. 

Bridging has a very small effect on the M-N frequency in comparmg bridged polymeric 
and monomeric octahedral compounds, this rs m contrast to the case of brrdgmg halogens 
It rarely seems possible to detect both the M-N and M-S bands of bridged compounds. 
There does not seem to be any correlation between M-N frequency and strength of the 
other hgands m mixed complexes, although one may anticipate some relation between this 
and the-stabrhty of the complex as has been noted for some cyanates”. 

The assignments of Keller et al. ‘* contradrct the conclusions above that VblfN > vMS, 
several h&age isomers of palladmm were reported with vpds at 290-320 cm-’ , vpdN at 
260-270cm-'.ThuS,theysuggestV~__~ <VMS, and point to the paper by Kharrtonov 

Coord_ Chem. Rev., 6 (1971) 407445 
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TABLE 13 

Far mfrared spectral data for thlocyanate complexes 

Complex vML(cm-‘) Other bands (cm’-‘) Ref 

(Me4Nh [CdNCShl 

Ok@)3 [Cr(NC% 1 

K3 [Cr(N-k, 1 

(EtqNl2 [Cu(NCS)41 n 

(EtJV)2[Fe(NCS)41 

(MeaN) [Fe(NCS)e 1 

(I&N)2 [Hf(NCS)el 

Ka [Hg(SCN)J 

K, [ Hg(S0-04 I 

(hIe4N)s [Mo(NCS)6 1 

G’hsBuP)z [Mn(NCS41 

(Quml4 [Mn(NC% 1 b 

(Ph4Ash [WNW41c 

(Ph4As)z PJW2941= 

(EtqNl4 [NOJC% I 

K(Nb(NC961 

K2 [NWNCS)6 1 

K2 [ PdWN4 I 

@fed% PX3CN)41 

K, [Pt(SCNh I 

301(m) 
227(w) 
224(w) 

304(s) 

364(s) 

358(s) 

327(s) 

293(s) 

298(sh) 
272(s) 
233(sh) 

262(s) 
235(s) 

285(m) 
255(w) 

Not seen 

303(s) 

287(s,br) 

-222(s,br) 

309(assym) 

294(s) 

239(s) 

340(m) 

342(s) 

300(w) 
286(m) 

298(sh) 
289(m) 

207(w,br) 

293(w) 
283(m) 

249(w) 

180(s) 
80(m,br) 

166(s) 
124(vs) 

2lO(w,br) 

266(m) 
23O(m,br) 

194(m) 
172(m) 
146(m) 
127(m) 

196(m) 
179(m) 
150(m) 
139(m) 
123(m) 
109(m) 

A 

C 

D 

A,D 

E 

E 

D 

A 

D 
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TABLE 13 (conrm~ed,\ 

Complex %L(cnir) Other bands (cm-‘) Ref. 

(Me4Nh FWCNM 

K2 [ Pt(SCN)6 1 

K[Ta(NGS),j 1 

(BuWJ [V(NC%l 

(EM’03 WGWXsl 

(Et4N)2 [Zn(NC8)41 

(EWJ)2 Vr(NC% 1 

280(m) 
226(w) 

291(mw) 
281(m) 

313(s) 

330(s) 

340(s) 

287(s) 

291(s) 

19l(ms) 
154(m) 
131(mw) 

169(m,s) 

174(m) 
76(m,br) 

A 

D 

E 

F 

F 

D 

C 

a Octahedral form (2 brtdgmg lrgands). 
’ Qum = (qumolmmm)+. 
c DIstorted tetrahedral form. 

REFERENCES TO TABLE 13 

A D. Forster and D.M L. Goodgame, Inorg Cizem ,4 (196.5) 715 

B M A. Bennett, R J H Clark and A.DJ Goodwin, Inorg Chem ,6 (1967) 1625 
C R.A. Barley, T M. Michelsen and A A Nobrle, J Inorg Nucl Chem ,32 (1970) 2427 
D A Sabatim and L Bertim, horg Chem ,4 (1965) 959 
E G.F. Knox and TM. Brown, Inorg Chem.. 8 (1969) 1401 
F H H. Schmrdtke and D Garthoff, Z Nafurforsh ,24A (1969) 126. 

et al.26 for theoretical justrfication. In vrew of the hmrtatrons of the latter, other obser- 
vations on metal-hgand frequencies above, and the values given by Goodgame and Malerbei74 
for some of the same compounds which are m the order +JN > vpd8 (vp~ near 300 cm-‘, 
bdN near 340 cm-‘), the conclusrons of Keller et al. seem doubtful. 

The only thiocyanate systems considered here for which real ambrgurty of bonding 
mode exists are the hexathiocyanates of Renr and Rev These were ongmally consrd- 
ered76*77 to be S-bonded on the basis of a band at 699 cm-’ m [Re(NCS),] 2- and 
702 cm-’ in ]Re(CNS)6] -, which were assigned to the C-S frequency. The vCN band IS 
low for this mode, but approxrmate intensity measurements seemed consistent_ A band 
reported at 865 cm-’ m the tetraphenylarsomum salt of the RerV compound suggested 
N-bonding 78 but this could also be assigned to a catron band. Repeated measurements on 
different preparations were unable to verify the 700 cm-r band, whrch may have been 
an unknown impurity, and were, moreover, unable to locate any band m the vcs region 
whrch could be assigned to vc8, this mcludes values as high as 900 cm-‘. A very weak 
band near 746 cni’ could be detected m some preparatrons of both compounds, but 
this is most likely assigned to CsCNS impunty. The integrated mtensrty for both com- 
pounds is in the range of metal-mtrogen bonding, but the peak was split mto two compo- 
nents in the ReW case. The 6 HcS band is split, but at energies more characteristrc of 
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metal-N-bondmg. Broad bands were found at 288 cm-’ for Csa [Re(NCS&] and at 267 
cm-’ for Cs [Re(CN& ] , whrle the Re-Cl and Re-Br frequencres are 302 cm-’ and 
260 cm-‘, respectively” Thus, the far infrared spectra are also somewhat arnblguous. 
Of these various confhctmg mdrcatrons, the mtegrated mtensrty whrch indrcated N-bond- 
mg would seem to be most reliable, but the case IS not proved. Other rhemum compounds 
hsted m Table 2 (and other examples 111 these same papers) evidently are N-bonded from 
the spectral data which have been grven for them. 

Far infrared spectra of the sclenocyanate systems, m so far as values are available, are 
included m Table 5 In general, the M-L stretching frequencies he 40-80 cm-’ lower in 
these than m the analogous throcyanates Although rt has not been shown, one may anti- 
cipate sumlar structural correlations. 

The M-L stretching frequencres for N-bonded cyanate complexes are grven in Table 6; 
these fall between 260 cm” and 350 cm-‘, slightly higher than for the analogous chlo- 
ndes”‘. (The very high value m the FeIII compound is notable ) There are hmrted data 
on which to bmld significant correlatrons, but Sabatim and Bertmr I7 have pointed out 
the relationship between “M-L and the order of complex stabrhty. Measurement of these 
frequencres for the oxygen-bonded cyclopentadienyl cyanates of TrN and Zr IV gave ten- 
tative values of 269 cm-’ and 365 cm-‘, respectively. These may be compared with 
r$~_cl, 297 cm-’ and 303 cm-‘, and VM_N~, 264 cm-’ and 329 cm-‘, in the analogous 
chloride and throcyanate compounds *O _ Assignments are difficult because of a number 
of bands m this region, and other than showing that both pseudohahdes of Tr are unusu- 
ally low (possrbly tmplymg a weak bond through stenc effects) these values suggest no 
significant conclusrons. Indeed, there is httle reason to expect tlus frequency to offer a 
simple bonding mode cnterion 

(VII) Mixed thiocyanate complexes 

In all of the examples considered to thrs point a single bondmg mode 1s found for all 
of the coordmated groups. A few examples exist for which there are suggestions of muted 
bondmg modes with some N-bonded and some S-bonded CNS ions (Numerous cases can 
be found for coordinated and “free” throcyanate ) Examples of possible mixed lmkage 
systems are [CuI_(SCN)(NCS)] where L = trr-2pyridylarnme and phenyldi-2-pyndyl- 
amme ‘r ; [PdL.(SCN)(NCS)] where L = 4,4’-dunethylbrpyridy182 or diphenyl(o-drphenyl- 
arsmophenyl) phosphmes3, [Pdz(CNS)4(brs(drphenylphosphino) acetylene)a] and Its 
Pt analogue 84, and several palladmm compounds of phosphme and arsme chelates4’j _ 
Only +N bands are avarlable for these, although intensitrtes are given m the last case. The 
values for the two bands observed are m “the ranges for N- and S-bonding. Vrbrational 
spectra of the Cd=-CNS system m solution and in solid Ka [Cd(SCN)g l 2Ha 0 have been 
interpreted by Taylor et al 85 m terms of mixed-linkage species, and indeed the crystal 
structures6 shows each Cd to be surrounded by 4 S and 2 N atoms (hence bridged) Few 
X-ray studres are avarlable to confirm the existence of other mrxed-hnkage compounds. 
Such a study of one possrbihtys7, [Cu@, p’, p”-triaminotriethylamine)(CNS)2 ] showed 
one ionic thiocyanate group ” but [Pd drphenyl(3-dunethyl-aminopropyl)phosphme- , 
(NCS)(SCN)] ” and [Pd((C6Hs)aPCHzCHsCH2N(CH3)s)(NCS)(SCN)] go have been 
confirmed. 
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Infrared evidence for mixed-linkage behavior should be looked for m the form of 
vcs bands near 800 cm‘-’ and 700 cm-‘, while such a band near 740 cm-’ unphes lomc 
tiocyanate. The mtenslty cnterlon would seem to be the best test when the bands are 
resoIved adequately46 _ 

In summary, when carefully apphed, infrared cnteria for bondmg mode are reliable 
for thocyanate complexes, although occasionally aiiblguous Selenocyanate complexes 
seem to follow equally well, but cyanates must be regarded with more caution. In a:1 cases 
It must be kept m mmd that use of these emplrlcal indlcatlons forms an md.;ect method 
and cannot be regarded as absolute proof of structure. 
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