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The »(CN) vibrational spectra of cyanide groups bridging two metal atoms present a confused picture. Factors
relevant to the interpretation of the available data are reviewed. Some mechanisms for frequency change, relative
to the corresponding terminal species, are made more quantitative than previously described, and others are
highlighted for the first time. The kinematic effect is much less important than previously assumed. It seems that
an effect responsible for the major part of the frequency increase upon bridging commonly observed is the cation
electric field, together with concomitant relaxation (the IVSE model). However, a contribution may well come from
the change in the o bonding in the CN unit.

Introduction that their contemporary interpretation gives rise to a coherent

Species containing cyanide bridges between two metalpictur_e,_a statem_ent which is as tru_e of simple compounds
atoms are currently of extensive interest, mostly because Of::on';?lnmg CN bridges as of thoze V\_"thh extgnded nt(ajtwor(lj(s.
their occurrence in extended systems, which may be one, nt IS paper we are concerne wit an Improved under-
two or three dimensionaiThese extended systems, of which standing of the vibrational spectra of transition metal cyanide
Prussian blue is the prototype, exhibit remarkable magnetic, COMPIexes containing such bridging CN groups. Because of
electrical, and optical properti@he fundamental building the continuing interest in species containing bridging cyanide
block of such systems is the MCN—M' bridge, and simple ~ 9rOUPS; there are considerable data available. Unfortunately,
molecules containing these bridges are also the subject oftistorically, these have afforded few insights, and now
contemporary study. vibrational spectra may not be mentioned in reports on new

Although the vibrational spectra of the CN groups in these materials. In this situation, it seems sensible to draw together

compounds have commonly been reported, it cannot be saidhe factors which may influence the spectra of bridging
cyanide groups, and this is our current objective. We exclude
* To whom correspondence should be addressed. #&@ 0131.360250. from the present discussion bridging cyanides which form

E'Taiﬁiv’;ig’i'ty%f-séi’;?')\‘i:g‘ii(,jl@mf“-“”ipm”-“- part of extended networks; although they are very important,
* Universitadi Torino. ' . there are additional factors to be considered for these, and
¢ Universitadel Piemonte Orientale “A. Avogadro’. _ they will be discussed separately. For species containing a
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Scheme 1

Figure 1. Schematic drawing of bridging CX (% O, N) coordination,
showing two limiting (a and c) forms and one intermediate (b). Form a is
that predominantly adopted by CO, while form c is that commonly found

for CN". cyanide species which contain an extended metM

network. The object of the present work is to determine those
factors which lead to frequency increases for structure c. With
these established, it might, in the future, prove possible to
éievelop a predictive model.

of the bridge cyanide is above that of the corresponding
terminal cyanidé® although cases in which the frequency
shift is in the opposite direction are well documentedot
surprisingly, there has been considerable discussion of thes
observations; while several explanations have been offered
they are largely post hoc and seem to have little predictive
power of the direction of frequency shift and certainly not Al the calculations were performed with the Gaussian 03
of its magnitudé. packagé! The vibrational, geometrical, and charge data were

The blue shift ofy(CN) is in contrast to that of carbonyl obtai_ned from the optimized structure which was obtained with th'e
complexes (CO and CNare isoelectronic), where bridging ?enst'!ty f‘:”‘iﬂonil msthOd ‘;S'”g Be°k|e't,5 thrfee'pt"?‘ramleter gybnd
is associated with a decrease of vibrational frequency. This'/nctiona. the Leevyang—rarr correiation functiona,, and a
is the more surprising in that the range of baiic bri):jging 6-31+G(d,p) basis set. The geometry of the systemsaY~Q

d d by th i dsi imil . (Q = H*, point charge, or noble gas atom; X C or O) were
structures adopted by the two ligands is very similar (Figure optimized in a standard orientation (see Scheme 1) W@th

1), consisting of two limiting (a and c¢) forms and one geometry.
interme(_:iiate (b). I_:orm a is that predominantly adopted by In the systems with G= H, all the distances are optimized; in
CO, while form c is that commonly found for CN the systems with Q= charge or noble gas, the<T and Q-X
However, for CO, the bridge frequency is always lower distances were maintained fixed (1.5 and 2.0 A for point charges
than the corresponding terminal frequericffthe same and 2.0 A for noble gas atoms), and only the-XC length was
statement is true for CNif the few compounds with bridge ~ optimized. The MOs were examined by a Mulliken population
structures &or b° are considered. It is the majority of CN  analysis; the charges were calculated by NBO analysis.
compounds, with the bridge structure ¢, which are excep- The normal coordinate analyses were performed using the
tional 1 Why are CN species with bridge structure ¢ structure CLIMAX program.?
different? The clarification of this point would represent an
important contribution toward the understanding of the 9 (g Le g R0ty Chim Aciisoz 16 200 519-626. ()
cyanide ligand because the c form is present in many cyanide

: © Hester, R. E.; Nour, E. MJ. Chem. Soc., Dalton Tran$981, 935—
complexes and it represents the building block of those 941. (c) Hofler, M.; Jung, W.; Scobel, M.; Rademachellem. Ber
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Soc., Dalton Transl997 1733-1737. (e) Ohba, M.; Usuki, N.; Fukita,
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‘Experimental Section
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J. Organomet. Chenil998 565 187—-192. (e) Zhu, N.; Pebler, J.;
Vahrenkamp, HAngew. Chem., Int. EA.996 35, 894-895.

5

~

explained by the finding that the infrared activity of-NN—C groups
is much higher than that of MC—N.® Bridge CNs contain the former,

while terminal CNs have the latter. The occasional observation of no
terminal CN signature could thus be explained because, in comparison

with the bridge, they are weak and easy to overlook.
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J. Chem. Soc., Dalton Tran4983 2669-2671. (c) Bartley, S. L;
Bernstein, S. N.; Dunbar, K. Rnorg. Chim Acta1993 213 213-
231. (d) Deraniyagala, S. P.; Grundy, K. IRorg. Chim. Actal984
84, 205-211.
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Sometimes vibrational data are reported on species that contain both
terminal and bridge CN groups, but separate CN absorptions are not
reported in the infrared. In such cases, it is the terminal CN groups
which appear to lack a signature. It seems that this has recently been(11)
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kamp, H.Inorg. Chem 1999 38, 3070-3079. (j) Zhu, N.; Vahren-
kamp, H.Chem. Ber1997, 130, 1241-1253.
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Bridging Cyanides
Results and Discussion

(1) Is the Shift Really Blue?A phrase that is commonly
found in the literature when CN bridging frequencies are
discussed is “it is a general trend that there is a shift to higher
frequency when a terminal CN group becomes bridging”.
When such frequency differences are computed, it is
important that the quantities involved are properly compa-
rable. A systematic error in one of a pair may well invalidate
the subsequent discussion. We believe that, unfortunately,
such errors are not uncommon, and in the next sections, we
detail our reasons.

(a) Frequency Center-of-Gravity Effect. When a mol-
ecule contains symmetry-related cyanide groups, it is the
degeneracy-weighted mean frequency that should be used
in a frequency difference calculation. When there is a unique
CN group, as may bF_“ the Cff:lse Ir? a bridged species, then th%igure 2. Schemes indicating how the use of the infrared data only can
frequency observed in the infraréithe correct frequency.  give rise to an incorrect value of the bridged/unbridgé@N) shift. Panel
On the other hand, where there is high symmetry, and a refers to the octahedral M(CN)nodel (the center-of-gravity of the
octahedral M(CN) anions are the obvious example, the [EeTCes = eary coinedentuih theauency) pane b eers o
frequency observed in the infrared not the correct species, we have taken the symmetric mode to lie lawer frequency
frequency. The degeneracy-weighted mean frequency, thethan the asymmetric mode. While for bridging carbonyls such a pattern
“center-of-gravity frequency” should be us&iFor such was never found, it seems to occur for some cyanides. See text for details.
octahedral anions, the frequency of thg Baman-active  centrosymmetric. However, infrared data are sufficient for
mode may be appropriate in that it seems to approximate |ow-symmetry case¥.
the center-of-gravity frequency, and its use obviates possible () Media Effect. »(CN) frequencies recorded for dis-
problems resulting from combining infrared and Raman data. solved species are both counterion and solvent sensttive.
Unfortunately, Raman spectra and, therefore, thenBde  The data for reference molecules should therefore be obtained
frequency are commonly not available. The error introduced ysjng the same conditions that were used for the target,
by use of the infrared active,I' mode for the unbridged  ajthough, even then, one makes the assumption that the target
characteristic is significant; for the well-characterized anions anqd reference molecules behave similarly under similar
[Co(CN)J*", [Fe(CN}]*", and [Fe(CNgJ*", for example, it conditions. Although it would be possible to compile a list
is 6, 10, and 14 cnt, respectively® If an uncorrected  of “corrections”, this does not seem to be desirable. The
infrared frequency is used as the “before bridging” value fact that the same species can give rather different frequency
and a single bridge is formed, then “blue shift” is increased data when in a crystalline form or in solution and when
by such an additional amount (Figure 2a). Although outside anhydrous crystals are compared with hydrated crystals is
the major scope of the present paper, another examplerg|ated.
concerns complexes with two trans CN groups, which give  (¢) zeroth-Order Frequency Effect. There is a further
rise to a linear double-bridged speciésan additional  yncertainty connected with the interpretation of frequency
correction will be needed to give the correct center-of-gravity gata for bridging cyanide groups, even when a single terminal
frequency change. (Figure 2b). So, in this example, both the cN becomes a bridge CN: for example, /&N becomes
two terminal groups and the two bridges give rise t0 \—CN—M'. What should be used as the frequency of the
two »(CN) modes, thevasyn (infrared-active only, if the  terminal CN?v(MC—N) andv(C—NM') are equally valid.
systems are centrosymmetric) and g, (possibly Raman-  The fact that the former is more experimentally accessible
active only). For each species, the center-of-gravity frequency goes not invalidate the claim of the latter to be included.
(o(veym + vasym) may differ significantly from the IR mode  The simplest solution would be to uge[v(MC—N) + v-
frequency vasym When center-of-gravity data are to be (C—NM")]; unfortunately, there are little relevant experi-
obtained, Raman spectra will be needed if the symmetry is mental data ow(C—NM') frequencies. Those available are

(13) Kettle, S. F. A.; Aschero, G. L.; Diana, E.; Rossetti, R.; Stanghellini, (15) Several examples of linear MCNNICM complexes show a single

P. L. Inorg. Chem 2007, in press. infrared band, easily assigned to thgym'® When the complexes are
(14) (a) Zhu N.; Applet, R.; Vahrenkamp, Hhorg. Chim Acta200Q 309, slightly bent, an additional weak band appears at lower frequency,

65—71. (b) Comte, V.; Vahrenkamp, H. Organomet. Chen2001, which is undoubtedly ascribed to thesym So the center-of-

627, 153-158. (c) Kuhn, F. E.; Goncalves, I. S.; Lopes, A. D.; Lopes, gravity frequency is lower than thesym and the claimed blue shift

J. P.; Romao, C. C.; Wachter, W.; Mink, J.; Haiba, L.; Parola, A. J.; should be accordingly reduced. Interestingly, these examples show

Pina, F.; Sotomayor, Eur. J. Inorg.. Chem1999 295-301. (d) that a point made in ref 13, which states that a totally symmetric mode

Richardson, G. N.; Brand, U.; Vahrenkamp, Hthorg. Chem. may not be at the highest frequency, is also applicable to bridging

1999 38, 3070-3072 (e) Richardson, G. N.; Vahrenkamp, H. J. cyanides.

Organomet. Chen?00Q 593-594, 44-48. (f) Zhan, S.-Z.; Guo, D.; (16) Geiss, A.; Vahrenkamp, Hnorg. Chem.200Q 39, 4029-4036.

Zhang, X.-Y.; Du, C.-X.; Yang, R.-N.Inorg. Chim. Acta200Q 298, (17) (a) Bertran, J. F.; Pascual, J. B.; Ruiz, ESRectrochim. Actd99Q

57—62. (g) Zhu, N.; Vahrenkamp, H. Organomet. Cherd999 573 46A,685-689. (b) Eaton, D. R.; Sandercock, A. €.Chem. Phys

67—72. 1982 86, 1371.

Inorganic Chemistry, Vol. 46, No. 7, 2007 2411



Kettle et al.

for species in which Mis a rather electropositive metal, such  (a)?80
as Li, and these can scarcely be expected to be representative.
Recent work has shed some light on this situation. A 2175
theoretical study of the species MGl and MN-C (M = ] \
Cu, Ag, Au) found, for each, that the MNC has a frequency 21704 '\
approximately 100 crt below that of MC-N (97, 96, and ]
111 cnt for M = Cu, Ag, Au, respectivelyj.However, it 165 \
is not known if these data are representative of other metalsVex .
or how they vary with oxidation state or with the presence ] \
of other ligands. We shall return to this point below; our 21604 \ u
calculations suggest that these results may have some ]
generality. 2155+
Although the sum/;[¥(MC—N) + »(C—NM")] contains ]
a variable about which little is known, this does not mean 2% o ok oo ok o ok
that it is without application. For two complexes between ’ ’ ' . ' ' '
related MC—N and M,C—N species and a common’' Mhe MereN

unknown variable can be eliminated to give (b)
2180

,lv(M_,C—N) — »(M,C—N)]

2175
as the expected frequency difference observed for the two
final species, if they both behave in the same way (details
of these and related calculations are reported in the Sup-
porting Information). This equation focuses attention on the Von
differencesbetween two similar complexes, in contrast to 2165
the common approach which is concerned with the difference ]
between v(MC—N) and »(MC—NM'). Comparisons of /
complexes which differ only in whether they contain &g 2180 o
or N—C ligand as bridges are relevant but difficult to use in
the present general discussion. For instance, it has been found 00 05 10 15 20 25
that in a series of Fe bonded to Cr, Mn or W complexes, K,
the effect of CN isomerization can be up to 65 ¢t For
some Cr(CN)—Hg species there is evidence that the (c)
isomers have a frequency difference of ca. 100t 21804

(2) How is the Blue Shift to be Explained?In the
previous sections, we have argued for caution before the
acceptance of literature reports which claim a blue shift on \

a cyanide frequency. Some are red shifts. Nonetheless, there 21757 \.

2170 1

are many examples of bridging complexes where the CN
frequency has undoubtedly moved to higher energy. In the
following sections, we comment on the commonly invoked \

explanations. 2170
(a) Kinematic Effect. Many years ago it was pointed out ] b

that the restraint associated with attachment of both bridging
atoms to metals would cause an increase in frequency, and ..
. N . . . T r T T T T T T T T T

this suggestion was confirmed with an outline of normal 0,00 0,05 0,10 0,15 020 025

coordinate calculatior®. The phenomenon was termed the g

kinematic effeCt' Since that Fm_]e it has become pa_rt of the Figure 3. (a) Plot of¥(CN) vs MC/CN coupling constant values in the

accepted wisdom as the origin of the frequency increase M—c—N model, when the EN force constant and the MC force constant

commonly observed. In view of its importance, it is perhaps h?\ée ﬁged V«'il'tle)s_of 11-4 and Zh-l rgdy?e’sldﬁreslpecti;/erl]y- Th% frc;fque'\rgy
P . of 2158 cntt (u) is taken as the idealized value of the unbridg

surprising that there seems to have been no systematic StUdMnit. (b) Plot of¥(CN) vs the NM stretching force constant values in the

M—C—N—M' model, starting from pointi in Figure 3a. (c) Plot of the

CN

(18) (a) Vahrenkamp, H.; Geiss, A.; Richardson, G.IN.Chem. Soc.,  V(CN) vs CN/NM coupling constant values in the-MC—N—M' model,
Dalton Trans.1997, 3643-3651. (b) Zhu, N.; Vahrenkamp, i&hem. starting from the final point in Figure 3b. The frequency value of 2167
Ber. 1997 130, 1241-1252. cm (b) is taken as the idealized value of the bridgedNCunit.

(19) Hofler, M.; Jung, W.; Scobel, M.; RademacherChem. Ber1986

(20) %10%\,22%%2?7:5“ A.; Wilmarth, W. K. 33. Inorg. Nucl. Chem. of the magnitude of the consequences of this effect. We are

1961, 21, 33-37. aware of only one study that considered the effect of the
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variation of the M—-C—N bond angle on the predicted and interaction constants which give a value for the kinematic
frequency shifts (for a change to %here was a drop of  effect which differs by more than a few wavenumbers from
5cm1).2t 9 cnt'%; the most probable changes would decrease it.

The paper that suggests the existence of the kinematic We have also studied the effects of a small displacement
effect also reported experimental détte infrared shifts of the CN~ from the M—M" axis, of a symmetric twist of
to higher frequency reported on going from MCN to MCNM the group about this axis, and of a combined symmetric twist
were M=Au (98 cnt?Y), Ag (24 cnt), Cu (47 cm?), Pd and displacement. A displacement and a symmetric twist
(73 cmY), Ni (48 cnl), and Hg (48 cmt). When numerical ~ each lowered(CN) by rather little, about 2 cni for a 10°
values were inserted into the detailed model, shifts of 20 twist and for a 0.15 A displacement. (All the data are
and 40 cm* were obtained, in reasonable agreement with collected in the Supporting Information.) In this study, we
some of the data but not with all of it. considered the case of a symmetric twist of the CN group;

In this situation, we decided to investigate the kinematic the case of an asymmetric twist has already been reported
model further. Specifically, we carried out a series of normal (a 20 twist gawe a 5 cn1! frequency change)
coordinate calculations to assess the effect of changes in the We conclude that the magnitude of the kinematic effect
various parameters involved. Because we are not attemptinghas been overestimated in the past and that it does not provide
to fit spectra, we are not constrained by the requirement thatan explanation for more that a small part of th€CN)
the number of variables be fewer than the number of frequency increase associated with some bridging cyanides.
observables. We can therefore introduce variables one at arhe fact that MCOM invariably shows a decrease in
time and determine their relative significance. Because the frequency, not an increase, compared to MCO is also strong
system we studied is, apart from minor variants, a linear evidence that the kinematic effect is not dominant, since it
MCNM' one, there is no bond length dependence of our should in no way be confined to CN complexes.
results. It turns out that there is also rather littel(cnmt) (b) Bonding Effects. Because there are changes in the
dependence of(CN) on the mass of either metal atom electron-density distribution associated with bridge formation,
(however,»(MC) and v(M'N) are very dependent on the it is to be expected that there will be consequent bond-
values chosen). Discussions which attribute significant  strength and bond stretch frequency changes. Indeed, such
(CN) frequency changes to metal atom mass differences areeffects have been widely invoked to explain the data reported.
therefore not in accord with our findings. That which follows, Frequency decreases have been associated with decreases
then, relates simply to the variation of the kinematic effect in ¢ bonding and increases im antibonding density and
with the variation of choice of force and interaction constants. frequency increases with the opposite. The models have been
Of these, two force constants were fixed throughout our reviewed??
calculations k(CN) andk(MC). These were given values Unfortunately, the discussions in the literature tend to focus
reported in the literature for the [Co(C§j~ ion,?2 specif- on the examples in a particular report and so are lacking in
ically, k(CN) = 17.4 anck(MC) = 2.1 (both in mdyne A%). generality, and even for those that appear to be general, later
An interaction constant between thé€CN) andv(MC) was reports may not be in conformity. Further, some of the largest
introduced and, following the literature, given a value of 0.25 frequency changes reported are not in agreement with a
A mdyne1.22ts effect (Figure 3a) was to lowe{CN): the bonding explanation. So, the large frequency increases on
value of 2158 cm' (u) can be considered to be the frequency bridge formation to & cations do not agree well with the
of the idealized unbridged M(CN) model. fact that they might be expected to lead to an enhanced

Next, variations in two other constants were studied, the population of CN antibondingr orbitals, with a resulting
k(NM’), initially set equal to zero, was increased to, frequency decrease. In most systems, one can easily find

ultimately, the same value &MC); the variation ofv(CN) sufficient number ofz/o bonding/antibonding orbitals to
with k(NM") is shown in Figure 3b. support almost any discussion. The key question is that of
Finally, an interaction constant betweg(CN) andv(NM)’ whether some general picture has emerged from the totality
was introduced and varied from zero to 0.25 A mdyne  of such discussions. The clear answer is in the negative. In
The effect (Figure 3c) was to lower all values «(iCN), the present paper, we suggest that bonding effects make a
giving a limiting value of 2167 cmt (b), which can be contribution to the observed frequency increases, but we
considered the value of the idealized bridged-GN—M' attribute the effect to bonding, notz. It is interesting that,
model. despite the general attitude thateffects are dominant for

The resulting, calculated kinematic effect is the frequency the cyanide ligand, detailed calculations do not seem to
difference between the pointsandu and corresponds to  support this viewt*

an increase in frequency of 9 cf It is possible to increase (c) Vibronic Effects. A mechanism that has been sug-
this value by increasing the force constant and reducing thegested for aeductionin frequency of a bridging CN group
interaction constant associated with the ™' bond. How- relative to the parent terminal involves vibronic coupling of

ever, it is difficult to envision realistic combinations of force the electronic ground state with a low-lying charge transfer

(21) Johnston, D. H.; Stern, C. L.; Shriver, D.IRorg. Chem.1993 32, (23) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.; Dyer,
5170-5175. R. B.; Scandola, Finorg. Chem.1992 31, 5260-5267.

(22) Jones, L. H.; Memering, M. N.; Swanson, BJI.Chem. Physl971, (24) Hummel, P.; Winkler, J. R; Gray, H. B. Chem. Soc., Dalton Trans
54, 4666-4671. 2006 168.
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state (which flattens the ground state potential energy surfaceTable 1. Calculated Frequency Changes on Protonation of GBN,
and thereby reduces vibrational frequencés). and CO, along with Calculated Atomic Charges

This is an ingenious suggestion, one which is potentially ) c X H ox hift d_CtX
applicable to bridges between terminal metal atoms which species d g g vCX) shi etance

i ; } ; i [CN]~ -0.228 —0.722 2124 1.184
can be in a.facne charge transfgr reIat|onsh|_p. However, as . 0073 —0.314 0241 2303 452 1158
was recognized, there are species to which it does not seencnH 0.295 —0.759 0464 2102 -22 1176
applicable even within series to which it provides a ratio- [HCNH]* 0512 —0.387 H(C)0.332 2249 +125 1.140
nalization. One possible explanation is that as the mechanism 0414 —0414 H(N) 0.542 J151 174
becomes less applicable, its effect may become that of Heny+ 0514  0.152 0.335 1917 —234 1.217
reducing the magnitude of a blue shift rather than producing [CNH]*2+ 0.978 —0.530 0.552 2318 +167 1.141
a red one. This model is still being explored. It seems well [HENHI®" 0872 0.022 H*?,g%oé‘s‘? 1870 —281 1215
worth a more general study, but for this, near-ultraviolet co 0.514 —0.514 ' 2202 1.137
spectra need to be routinely reported. {HCO%: 0.814 —0.154 0.340 2261 +59 1.113
" o COH 0.954 —0.651 0.698 1961 —241 1.165
(d) Charge Effect, Revisited.In principle, a charge effect  [iconper 1130 —0391 H(C)0.466 2076 —126 1.124
may arise from one or both of two factors: a change in the H(O) 0.794

center-of-gravity of the frequencies (see above) dependent Joubl d p ion is the simol ¢
on on (i) a change in charge on the metal atoms resulting. oubly protonated. Protonation is the simplest way o
from bridge formation and (ii) because the spreag(@N) introducing a charge at either end of the CN unit in a way

frequencies increases with charge. These points are WeIIWh'Ch mimics the charge effect of a trans!tlon metal. .
documented and may be illustrated by reference to the Although the data in Table 1 show errors in the frequencies

[Fe(CN)YJ* and [Fe(CNj* anions, whose frequency calculated for known species of up+dL.00 cnt!; however,
centers-of-gravity are some 70 cim;’)art%?’ The relevant  the data given in the shift column should bg more accurate.
point is that usually an increase of positive charge (or Relevant to the present work is the striking difference

1 i +
decrease of negative charge) on a species increases th?etween HCNH (+125 e relative to CN) and HCOH

; . —126 cn1! relative to CO). This pattern mimics the
frequency. From a parent terminal to a product bridging o _ .
complex, a charge redistribution has to be expected. Part quualltanvely d|ffe_rent behz_awor of _CN and C_O \_/vh_en two
this redistribution arises from the fact that in a CN bridge metal atoms are linearly bridged (vide supra); bridging causes

the charge on the anion is shared by two metal atoms (point:jhe CN frtla:quehncy I:O ;ncrease a'?]d the COl frlequc;anf;yctlg
i). So, the effective charge on the metal may change and a ecrease. further, the frequency changes calculated for

charge effect-induced frequency shift on the center-of-gravity € much greater than those that result from any pther effect
will result. A second charge-induced effect arises if infrared which has beep suggested. Indeed, they potentla'lly enable
and not center-of-gravity frequency data are used as referenc&” understandl_ng of the Very largest frequency increases
frequencies (point ii). This effect concerns the overall spread observed on bridge fo_rmatldﬁ_.\Ne note tha_t the frequency

of the spectral bands. For [Fe(G{¥), the experimental Chf?”ges upon formation OT Ilne_ar CO bridge systems are
spread is 18 crt, but for [Fe(CN)*, it is 51 cnmL. Because typically larger than those given in Table 1; however, Table

of the consequences of degeneracy, the effects of thes is limited to an initial charge on H of1, the metals may
frequency changes on the spectra are most evident for th ave larger values, and as we will see, there are other relevant

A1g mode, but the effects on theyTare real. So, if the effects. Co . .
infrared active T, mode was taken as reference point, there In the calculations just described, there are two inseparable

is an additional shift in reference of 4 cAamoving from effects. The effect of the proton charge and the effect on

[Fe(CN)]® to [Fe(CN)}]*~ because of the different spectral CX (X. = O, N°) of g bonding petween the' hydrogeps a.n.d
spreads. Although not a large quantity itself, if combined the adjacent atom. To explore in more detail the applicability

with a center-of-gravity shift, a significant frequency dis- of tT]e IVSE m?jdel :O the V|b(rjat|otnalf spTzctIrat_of cy_anldhe_s,h
placement in either direction could result. We have carried out a second set of caiculations in whic

he hydrogen atoms in the above calculations were replaced

There is another charge effect. We have recently suggestet{)y (variable) positive charges, which were placed at a fixed
that they(CN) frequency of a terminal CN group is largely distances from the C and N atoms of Clihd similarly from

dehti;]rr!![n_edatlg/cthh: d effedcilr\]/g cht;a\rge Znttglee C?E;alrsgorgt.gonthe C and O atoms of CO. It is, of course, impossible for us
which 1L1s an subsequen XalloN, cover the whole range of metdigand bond length

I(glgénrtneégzll \Qbr?gzgf: tSOtabch;affsct ((:I\N/S'fg ngé?:f;?g or patterns in the literature. We have therefore limited ourselves
PPl 1aging groups: WeT' 1o those cases in which MC and M—X are equal and have

th|§ question ,we havg carried out several sets of Calculatlonsvalues of either 1.5 or 2 A. These values were chosen because
which are an extension of those used to support the IVSE

. . . the latter is a typical experimental interatomic separation,
model for simple cyanides. In Table 1, we detail the results yp P P
of the first set: frequency calculations for the systems CO, (26) The data for CN are very different from those for Clthe species
CN, and CN as free species, protonated at either end, and HCNH?" shows a frequency decrease compared with that of CN), so
it is to be expected that if coordination to a metal introduces significant
unpaired electron density into the-@l bonding, rather different-

(25) Watzky, M. A.; Endicott, J. F.; Song, X.; Lei, Y.; Macatangay, A. (CN) frequency patterns from those discussed in the text may well
Inorg. Chem 1996 35, 3463-3473. result.
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Figure 4. Plot of calculated(CN) values vs the gl charge values in the  Figure 6. Energy (hartrees) plot of the molecular orbitals of &=N—
system q2C—N—q1l at a g—X fixed distance of 2.0 A. The fixed values H*, CN-, and ¢+-CN~---q".
of the g2 charge are indicated at the left of each curve.

2250 concern theo orbitals; for +---C—N---+, we consider
05 o _ +-+-X separations of 1 A, akin to the-HX bond lengths in
110 ‘*:;AQA H—C—N—H". There are five occupied orbitals in G-N".
2200 0.1 ‘\\ i‘\ The two lowest of these are the 1s orbitals on C and N (that
. A N X on N being lower). Then, a €N ¢ bonding orbital and,
21504 45 A/‘/&< finally and important for the present discussion, the two lone-
' \ pair orbitals, interestingly, separated in energy by the
v(CO) " " bonding pair (Figure 6 and Table 3 Supporting Information).
21004 However, they are not quite localized lone-pair orbitals.
The lower energy is a, roughly, sp hybrid on N, pointing
2050 4 away from C, but with a considerable carbon s orbital
component. That at higher energy is, roughly, a sp hybrid
A on C, pointing away from N, but with a significant nitrogen
I A 2p, component. In HC=N—H* and+---C—N~+:++, these

qt two orbitals drop in energy by about the same amount in

Figure 5. Plot of calculated(CO) values vs the g1 charge values in the both species a”‘?' I’.IOW lie below the-® 7 bondmg orblt.als.
system q2-C—0—q1 at a ¢—X fixed distance of 2.0 A. The fixed values ~ However, the origin of the changes are somewhat different.
of the g2 charge are indicated at the left of each curve. In H—C—N-—Ht, for just the C-N unit, the two atoms
while the former is below any value observed experimentally participate more equally in the interactions, and the orbitals
and so, by interpolation, enables almost any observedare less localized. €N bonding increases. Ina-++-C—
interatomic distance to be covered by our work. In contrast N~***=+, in the lower orbital, electron density is moved onto
to those described in the preceding paragraph, the chargeghe positive charges by involvement of 4s angl épsentially,
in the present calculations do not change the basis set andolarization functions. The inner functions have phases which
so allow the electrostatic and orbital effects to be separated.assist this process, and so there is probably little contribution
The results of the calculations are shown in Figures 4 andto C—N bonding. On the other hand, the upper orbital,
5, for CN™ and CO, respectively, when the-NC and M—X which has little involvement with charge delocalization, has
distances a 2 A (see Figures 1 and 2 in the Supporting orbital phases which indicate significant—Gl bonding
Information for 1.5 A distances). The two species behave (Figure 7).
very differently. For CO, a decrease in frequency is generally In this discussion, we have ignored the-M bonding
observed, while for CN, it is an increase. It seems clear density, in which the hydrogen 1s orbitals play the role of
that there is a charge effect and that the IVSE model is the 4s and 4porbitals in+---X. That is, the outputs of the
applicable to the systems. two calculations have more in common than is immediately

(3) Blue Shift, An Overview. The above discussion points  evident, although in HC—N—H", both of the orbitals are
to two main contributors to the observed blue shifts: the involved in H--X bonding. In particular, in both of them
effect of the cationic charges and metigjand ¢ bonding. one can see an increase ir-N bonding with a resultant
Of these, the first is adequately covered by Figures 4 and 5.increase inv(CN). We conclude that each mechanism can
The second demands more detail, detail which will also give make a contribution to the observed frequency rise when
insights into the mechanism of the IVSE. For this, we the cyanide ligand becomes bridging. It is to be noted that
consider the differences in orbital occupancies NC’ the effective charge on a transition metal atom may be greater
H—C—N—HT, and+---C—N~:--+. All of these differences  than unity and variable, so that it is appropriate to separate
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effect is much less than is often assumed, although nonzero,
and does not explain the different behavior of Céhd CO.

Two components which differ for these ligands are the effects
of o bonding and of the effects of the cation charge (the
IVSE); their contributions seem to lead to frequency increases
for the CN- ligand but to decreases for the CO. Electron
repulsion may make a contribution, but this is difficult to
quantify with any certainty. It may be that effects also
exist, but we suspect that their role is relatively minor.
Certainly, the contributions that we have listed, taken
together, seem to give frequency changes which comfortably
span the range of frequency increases observed. Although it
is not the complete explanation, the IVSE appears to mirror

Figure 7. Shapes of the 4 and 5¢ molecular orbitals.

overlap effects from charge. Note that the effects that we e
have just discussed are electronic effects. As such, they ardN€ €ffects of other contributions and has the advantage of
quite distinct from the purely mechanical effect which is the P€ing applicable to both bridge and terminal CN ligands.
basis of the classical kinematic effect. The data which are The way that data are presented may introduce artifacts;
the basis of the above discussion can be found in the orbitalcenter-of-gravity data should be used when compiling
coefficients listed in Table 3, Supporting Information. frequency changes, for instance. The choice/@1C—N)

This may not complete the list of contributors to the as the original frequency has limitations; there may be
observed blue shift. We have also carried out calculations advantages in considering,[v(M.C—N) — »(M,C—N)].
in which noble gas atoms replaced the H atoms inG+ However, a problem is that much of the data in the literature
N—H*. These calculations are significant in that the atoms are far from ideal for analysis, and this is a factor that must
were given basis sets, although, obviously, bonding interac- surely inhibit understanding. Spectroscopic data which have
tions are not of importance. Again, frequency changes were been obtained as part of a characterization process and which
obtained; for CN and Ne, Ar, and Kr, there was an average are reported as simple numbers are of limited value,
increase of 31 cmi, with little difference between the three  particularly when it is not always clear whether a solution
noble gases. For CO, the noble gases differed considerablyor a solid had been studied. Band profiles may indicate the
For Ne, there was a frequency increase of 12 ¢rwhile existence of shoulders in addition to giving relative intensity
Ar and Kr showeddecreasesvith that for Kr (104 cm?) data, and shoulders can be important. It is disturbing that
being greater than that for Ar (43 ci). All the data (Table  the infrared signature of terminal CN groups can sometimes
4 and Figure 3, Sl) are reported in the Supporting Informa- be missing from the data reported (the infrared intensity of
tion. These results suggest that a contribution to the frequencybridging features being greater). What else is missing?
changes observed in bridged complexes arises from differ-Raman data are usually lacking, and unfortunately, the
ences in electron repulsion effects for Chind CO; the data  relevance of some of the items given above cannot fully be
obtained for Ar and Kr, both with complete d shells, mirror assessed without them. There is a clear need, then, for Raman
the experimental observations. spectral data to be obtained and reported wherever possible.

Conclusions Acknowledgment. This work has been supported by the
No clear picture has emerged in the literature which gives Universitadi Torino through a Cooperation Agreement with
a general understanding of the vibrational spectra of bridging the University of East Anglia (E.D. and S.F.A.K.) and by
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attempted_ to draw t_0geth_er factors which we be"e"‘? should frequency consequent upon a uniform sideways displacement of
be taken into consideration when one attempts to interprety,e o group (Table 1) or a symmetric twist of the CN group (Table
v(CN) vibrational data of bridged complex species. That 2) the energy of the molecular orbitals of the three species,CN
some of these seem not to have been previously highlightedHCNH, and+—CN—+ (Table 3) and the coefficients of the atomic
may, in some part, account for the apparent lack of order in orbital components of the 4 and 5¢ molecular orbitals (Table
and the multiple explanations for the data available. The 4), the values of the (CX) frequency in the system (noble gas)
major conclusion, however, is that these earlier explanationsC—X—(noble gas) (Table 5 and Figure 3), the plot of calculated
point to relatively minor aspects of the problem. It seems ¥(CN) or »(CO) values versus charge values in the system
clear that the frequency increases commonly observed uporicharge}-C—N—(charge) at a X (charge) fixed distance of 1.5 A
CN bridge formation are more complicated phenomena than (Figures 1 and 2), and thg calculation concerning the zeroth-order
has been previously thought and are the result of several™éauency effect (appendi).
components. The contribution of the classical kinematic 1C0610482
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