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A. INTRODUCTION

The M3ssbauer effect (or nuelear pamma resonance)' has been observed for over 30 el
ements. Of the 23 main group and transition elements which exhibit the effect®:?, only
two isotopes, " Fe and *'?Sn, are easily used for routine work outside a specialist’s labora-
tory. However, chemical information of considerable interest has been obtained* for a num-
ber of other isotopes such as ®**Ru, 121 §h, 125 Te, 127], 1391, 129 Xe, 182W, 13 [r and *7 Au.

In this article, I am going to discuss mainly the partial quadrupole splitting (PQS) treat.
ment®~7 and how this expands the use of M8ssbauer spectroscopy in inosganic-chemistry
in three major directions. First, the PQS treatment leads toelucidation of structure in Fe
and Sn compounds, and also in compounds containing other isotopes which exhibit either
nuclear gamma resonance or nuclear quadrupole resonance (NQR). Second, the PQS treat-
ment enables calculation of quadrupole parameters for other Méssbauer and NQR isotopes
such as ®Ru, %*Mn and *® Co. Thirdly, the treatment leads to estimation of bonding prop-
erties of lipands which has led to preparation of new compounds. Before looking at these
applications, I will emphasize the more correlative uses of the PQS model ia rationalizing
%?Fe and **?Sn quadrupole splittings.

* This article is taken largely from the 1971 Meldola Lecture presented in September 1972 in Notting-
ham, England.
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It is well worth keeping in mind the main criteria of any good chemical model, and 1
will try to demonstrate how this PQS treatment fulfills these criteria, First, the model
shauld correlate known experimental information; second, through the model, we should
gain insight into bonding and structure; and third, the model should lead to prediction of
other results which provide impetus for new experiments. The uses of the PQS values men-
tioned in the last paragraph span these three criteria,

B. BASIC THEORY FOR MOSSBAUER SPECTROSCOPY

Mossbauer spectroscopy can be readily compared with other resonant spectroscopic ex-
periments such as ultra-violet spectrescopy. In Mosshauer spectrascopy, we consider tran-
sitions between nuclear energy levels with emission and absorption of ggmma rays; in UV
spectroscopy, we of course consider transitions between electfronic energy levels with emis-
sion and abhsorption of UV radiation. In Mdssbauer spectroscopy, a radioactive source is
used, and the source is vibrated to provide the means of energy scanning via the well known
Doppler effect.

AF = (v!c).E_r

As in most resonant experiments we plot absorption versus energy (Fig.1) (velocity in this
case) and chtain a very simple spectrum for a powder sample in the Fe and Sn case. Two
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peaks are obtained. and two parameters extracted; the isomer shift or center shift (CS)
and the quadrupole splitting (QS).
The dominant tarm in the centre shift can be expressed®® as

CS « 8RR [¥(0)]* (1)

For 7Fe, since SR/R is negative, the CS decreases as [(0)_]* increases. The CS is also
sensitive to valence orbital changes, and decreases as the 4s population increases and 34
population decreases (due to deshielding)®.

The quadrupole splitting results from a splitting of the $ level from a non-zero electric
field gradient (EFG) at the Mdssbauer atom (Fig.1). The field gradient is a 3 X 3 tensor
(Table 1} which for point charges Z; a distance r; from the MOssbauer atom can be ex-
pressed as given in Table 1.

absorber

TABLE 1
The electric field gradient (EF{) tensor

V. V

xx xy V:rz
EFG =-— Vyx Vyy Vyz
Vix sz Ve
Vax * Vyy *¥V,=0
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This tensor is easily diagonalized for most cases of interest, but because it is traceless, there
are just two independent components normally chosen to be ¢ and 7. # is the angle from
the Z EFG axis, and ¢ the angle from the X EFG axis. The quadrupole splitting {QS) for a
2 nueleus can then be expressed as

QS = Je?qQ(1 +n?/3) )

whereg =V, fe,n= (Vxx - Vyy]/ V,,» @ = quadrupole moment (2 nuclear constant), and
e is the protonic charge. We can then divide ¢ into two terms'®

g=(1- R)‘qvalencc +(1 _7m)qiauicc (3
where R and vy, are the Sternheimer antishielding factors, Qiatiice 15 Biven by

Z[(3cos’g;— 1)
=3 - @

E]
T

Qattice

and for p electrons, g, . is given by !

Tustonce = Kp [, 4300, +N, )] s)
where K, is a constant for a given p orbital in a given atom, and the N's are orbital popu-
lations. Both these terms are zero for cubic or higher (e.g. spherosymmetric} symmetry.
Thus if Np, = N, =Np}_ =2(asin17), 4 jonce = 0- I Np, > FWNp, +pr}, then a neg-
ative g is obtained; if Np, < %(pr +pr ). a positive g is obrained. Thus a concentration
of negative charge along the Z EFG axis gives a negative g {and negative QS if 0 is positive),
and the magnitude of ¢ and the QS depends on the difference between Np, and 3(Vp, +
pr) often referred to as the p electron imbalance, Similarly for q,,, ... (Fig.2) if we have
an octahedral distribution of point charges about the Mossbauer atom, theng, . . = 0.

If we compress the axial ligands along the Z axis, then g, ... is negative and vice versa.
Again, a concentration of negative charge along the Z axis gives a negative g, and the mag-
nitude of q,,.. .. depends on the amount of distortion from octahedral symmetry. Although
it is usually not possible to obtain the sign of e?q{2 from a random sample, both single crys-
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Fig.2. Representation of six paint charges about a MGssbauer atom A and the sign of ¢. {a} Octahedral,
Q1a¢ = 97 (b) axial compression, gy, < 0; (c) axial elongation, gy54 > 0.



PARTIAL QUADRUPOLE SPLITTINGS 251

tal*? and magnetic field methods'®!® enable the determination of the sign of many > Fe
and '1°Sn quadrupole splittings®. In contrast, the sign of e2q(Q cannot be obtained from
NOR measurements,

(i} The bonding of dinitrogen

It is interesting now to use the above qualitative concepts to obtain bonding informa-
tion in Fell low spin compounds of the type rrans-[FeHL(depe); ] *BPh, (depe = 1,2-bis-
die thylphosphinoethane; L = RNC, CO, P(OR)1, RCN, and N, ), and in particular to com-
pare the bonding of the novel ligand N, with CO and other reutral ligands'®'®. Consid-
ering the bonding in these compounds, o donation by L populates the *'d,, sp,” hybrid
orbital on the Fe, and 7 acceptance withdraws 4, and dyz electron density from metal to
ligand. Both of these interactions increase the s electron density at the nucleus and decrcase
the CS

CSox—(a+m )

In contrast, the quadrupaole splitting is a measure of the differences in d orbital popula-
. *
aons

N

N, 3w, N, ) 7
doa_2 " 'd 3( d,, "N, ] 7

q =K [-Ng; _ +
yalence d[ d’z_z xp
For zrans-[FeHL(depe), ] * the Z EFG axis lies along the pseudofourfoid molecular axis,
and as the ¢ donor strength of L increases, Ng,2 increases giving a more negative g; as the

T acceptor properties of L increase, Ng,., + Ndyz decreases and g becomes more positive.
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Fig.3. Plot of CS versus QS for the series of compounds srans-[FeHL{depe);] "BPhy ™ {L = Nz, MeCN,
PhCN, P(CPh)a, P{OMe},, PMeQ-CyHg -NC, (CH3)}aCNC, CO}. The trend in (e + n} and (o - n} is noted.

* We neglect the much smaller contribution from a 4p electron imbalance.
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Thes
g (and QS) = (7 — 0) (8)

Potentially then, eqns. (6) and (8) could be used to separate relative o and 7 for these ligands.
If we plot CS versus QS (Fig.3), then except for N, and CO there is a reasonable linear cor-
relation with a positive slope indicating that o effects are dominant in determining both the
€S and QS. That N, and CO (and P(OPh); to a smaller extent) lie significantly to the left

of the line, indicates that 7 acceptance is relatively much more important for these two
ligands than for the others. The CS indicates then that N, is a weak o + 7 ligand, compara-
ble to CH; CN; but the QS indicates that N5 is an appreciably better 7 acceptor and/or
poorer g donor that nitriles. Thus we conclude that N, is a very weak ¢ donor but moderate
 acceptor’®, and this result is consistent with other predictions'”. COand isocyanides are
very strong (o + w) ligands, but CQ is a much stronger m acceptor than isocyanides.

C. PARTIAL QUADRUPOLE SPLITTINGS
(i} Introduction and assumptions

Taking each ligand to represent a point charge Z,, we can write the components of the
EFG tensor as in Table 2. The [L] values are termed partial field gradients. In this model,
we malce four rather drastic assumptions (over and above the point charge approximation).

TABLE 2
EFG components expressed in terms of partial field gradients {L]
Vex =e ZLILl Bsin’s; cos?ey ~ 1)
Vyy =e Xy L1 sinzeL sin2¢L -1}
= 2

V,. =eZrIL} Bcos®e, — 1)
ny = Vyx =e Ey 3[L] sinzeL sin Py cOS By, ete.
where

4

L

L] = '—;

"L

(1) We assume that ‘he QS can be regarded as a sum of independent contributions, one
from each ligand bound to the metal atom,

(2) We assume that she partial field gradients (and also the partial quadrupole splittings})
are constants from one compound to another for one Méssbauer isotope in a given elec-
tronic state and coordination number, e.g. six-coordinate Fell or four<oordinate SalY.

(3) We assume that 21l bond angles are ideal, i.e. that in the octahedral case all L—M-L
bond angles are 90°.
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(4) We assume that the principal EFG axes correspond in the octahedral case, to metal
ligand bond directions and in many other cases to molecular symmetry axes.

Structural studies indicate that six coordinate transition metal species are usually close
to octahedral (the L-M—L bond angles'® are 90° * 8°), and NQR studies have shown usu-
ally that the EFG axes correspond closely to metal ligand bond directions !%3°,

Applying the point charge approximation and the above assumptions, the expressions
for the EFG components for rrans-FeA; B, are easily derived (Table 3), and the quadru-
pole splitting is then given by a simple difference of partial quadrupole splittings, i.e. QS =
4FQS), — 4PQS)y. For cis-FeA, B, and FeAB:™ species, the expressions for V,le(n=
0in all cases) are given in Table 4 and it is apparent that the predicted ratio of rrams : cis :
FeAB;" = 2 : -1 : 1. The observed quadrupole splittings for A = Cl and B = ArNC are in ex-
cellent agreement with the predicted* values,

TABLE 3
Point charge EFG expressions for trans-FeA; B4

VXX!e = —2[A] +2[B]

Vyyle =-2[A] +2[B]

V,le  =4[A] — 4B}
n =0

Qs =deV,,0

=420 (4{A] — 4[B])
orQS  =4(PQS), — 4(PQS)p

where
®QS), =170 (A}

TABLE 4

Predicted and observed 52! quadrupole splitlings for frans-Fe A3 By, cis-FeA2 By, and FeABs+
Structure sz,-’e Rata

trans-FeA; By 4{A] — 4i{B} 2

cis-Fe A, By —2[A] + 2{B] -1

(FeABg)™ 2fA) — 2B} 1

rrans-FeCla (ATNC) QS = +1.55 mm.sec™?

cis-FeCly (ATNC)4 QS = —0.78 mm.sec™"

[FeCI(AINC)s] *C10, 0S= 0.73 mmsec™

* The sign of the QS for [ FeCI(ATNC)s] TCI04 has not yet been measured. Wherever sign are not quoted,
they have not yet been obtained.
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More generally, we would like to calculate one PQS value from which we can derive a whole
table of PQS values from compounds of known structure. For example, C1™ has been as-
signed® a PQS value of ~0.30 mm.sec™!, and (PQS)MNC can then be obtained from rrans-
FeCl (ArNC), (compound 1, Table 5). Thus +1.55 = -1.20 — 4(PQS) 4 e 224 (PQS) 4 i
= —0.69 mm.sec”". Using PQS values derived in this way (Table 6), we can predict the
quadrupole splittings for a large number of compounds, some of which are given in Table 5,

TABLE &5
Predicted and observed QS {mm.sec 1} at 295°K

Observed Predicted
1 rrans-FeCla {ArNC)q4 +1.55
2 eis-FeCly (ATNC)y —-0.78 -~0.78
3 {FeCl{AINC}5 ] CIO, 073 +0.78
4 trans-Fe(SnCl3)2 {ATNC)q +1.05
5 cis-TFe{SnCl3 32 { ArNC), 0.50 —-0.52
6 £is-FeC1SnCia (ArNC)4 0.61 —0.69 (n=0.60)
7 trans-FeHaz(dephb), —1.84
8 trans-FeHCl{depe)q <0.12 —0.20
9 irans-Fe(EtNC)4{CN), -0.60
10 cfs-Fe{EINC)4 {CN}y .29 +0.30
11 trans-] FeH{ArNC){depc)a] BPha —1.14 —0.98
12 trans-[FeH{CO)} dzpe), ] BPha 1.00 —0.46

TABLE 6 -
Partial quadrupole splittings fer Fe'" {mm.sec™'} at 80°K”

Ligand PQS value Ligand PQS value
No* +0.01 P(OPh), —-0.55
X —-0.30 CO —0.55
Na -0.37 PPh4Et —0.58
N3~ —-0.38 PPhsMe —-0.58
CH3CN —0.43 deph/2 —0.59
SnCiz~ -0.43 P{OEt};3 —-0.63
H, 0" —0.45 depef2 ~0.65
SbPh; -0.50 P(OMe)3 ~0.65
NCS™ -0.51 PMey —0.66
AsPhq —-0.51 dmpef2 -0.70
NH3* -0.52 AINC —0.70
NCO™ —-0.52 oNT* —0.84
PPhy -0.53 H™ -1.04

? Ref. 272. Those ligands asterisked had their PQS values derived from rcom temperature data.
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Except for compound 12 in Table 5, the predicted quadiupole splittings are in excellent
apreement with the observed values. The great majority of our observed quadrupaofe split-
tings?® and thase observed by other groups® are within 0.20 mm.sec™? of the predicted
values, and we feel that 0.20 mm.sec™ can be considered as good agreement. For strong
7 acceptor ligands such as CO the PQS treatment might not be expected to work as well**
(compound 12, Table 5), but agreement between predicted and observed Fe!--CO com-
pounds is generally satisfactory??_ The PQS values in Table 6 have been calculated using
80°K data, because more compounds have now been run at that temperature. Using these
PQS vatues, we can now predict and rationalize Fell low spin quadnupole splittings for
cormpounds containing these ligands in any combination.

Similarly, for Snf¥ compounds in both octahedral and tetrahedral geometries, PQS val-
ye can be derived®?%25 (Table 7) and once again these PQS values are very successful in
predicting quadrupole splittings but somewhat less successful in predicting v values (Ta-
ble 8). 1 and the sign of the quadrupoje spliting are much more sensitive to the assump-
tions than the IQSP?7?, and the signs for ¢is octahedral Sniv compounds are often the same
as those for the corresponding frans isomer?29

TABLE 7
Partial quadrupole spiitlings for four-coordinate Snt ¥ (refs. 21, 24)

Ligand o PQS
X (F, C1, Br) 0.00
CgFs -0.76
Mn(CO}s5 —-0.97
Fe{CO);CsHs —i.08
CgHg -1.26
CHa, CoHs -1.37
TABLE &

Predicted and ohserved values ofequ and n for fourcoordinate Snlv CDmpﬂundSE‘”

Compound Qs 7

Calce. QOhbs. Calc. Qbs.
1. MesSnMn(COl}x —0.80
2 Me, CISaMn{CO}s -2.59 —2.60 0.41 0.35
3 MeCl; SeMnéCO) 5 +2.79 +2.62 0.89 Q.46
4 Cl3SnMn{CO)¢ +2.16 +1.83 0.00 ~{
5 Ph3SnMn(CO}s -0.58 0.41 0.00
6 PhoC1SnMn{CO)s -2.39 2.50 0.32
7 PhClaSnMn(CO}5 +2.62 2.52 0.94
8 Pha(CgF5)5nMn{CQ)g —-0.97 0.95 Q.78
9 Ph(CgF x5} SnMn(CO)5 +0.95 1.06 0.58

10 (C5F5)35nMn(CO}5 +0.42 +0.99 0.00
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Despite these discrepancies (caused by the very distorted eis structures?®) the predicted
and observed quadrupole splittings for a very large number of octahedral and tetrahedrat
snfY compounds®?* are in good agreement.

(i} Structure

The simplest use of the 2 : —1 ratio is to assign cis and zrans isomers in Fell (refs. 5,30)
and Snf¥ (refs. 6, 31) compounds. In many cases, this assignment is difficult 1o make by
other spectroscopic technigues. For example in Table 9, ¢is and trans structures can be as-
signed immediately. The assignment of the P(OMe); isomers has been very important in the
interpretation®? of the surprising * H NMR spectrum of cis-Fe(NCS), [P(OMe); ] 4. This
spectrum consists of two sharp indistinguishable triplets, one assigned to the trans-P(OMe),
pair and the other to the cis-P((OMe), pzir. This represents the first example of two virtual
triplets from one molecule.

TABLE 9

Quadrupole splittings (mm.s-ec—l) for cis—trans isomers2h3332

trans-Fe(CM)a {EINC), —0.60

cis-Fe(CN}:{EtNC}, (430,30
rrans-FeCla (AINC)g +1.55
cis-FeClz (ArNC)s -0.78
trans-Fe(NCS} [P(OMe)z] 5 (+)0.56
cis-Fa(NCS); [ P{OMe)3] 4 {—30.30

Partial quadrupole splittings are however, of greater predictive use for assignment of
more complex structures®® . For example, if we take the five geometric isomers of
Fe(CO); [P{Me); ]} 21, (Table 10}, the predicted QS values are generally very different. The
two isomers made to date give QS in excellent agreement with those predicted. From the
CO infrared and the quadrupole splitting, any of these isamers can now be assigned.

Finally in this section, the rmost important structurat use of PQS values is in the assign-
ment of structure to SnT¥ compounds. Many sa'v compounds have associated five- and
six-coordinate structures. Association causes a large increase in quadrupole splitting from
the unassociated four-coordinate structure, as predicted by the PQS treatment"”“’n- For
example, the larger QS for Me8SnX (X = F, Cl, Br, 1) (Table 11) stronply suggest a five-
coordinate associated structure, as has been observed by X-ray studies on Mea SnF (ref. 34)
and Me; SnCl (ref. 35). The much smaller QS vatues for PhySnX (X = CI, Br, 1) strongly
suggest an unassociated four-coordinate structure®*>? and this has been confirmed recent-
ly by an X-ray study>%. Similarly, Me;SnCl, has a much lareer QS than Ph,SnCl, (3.55
mm.sec—* and 2.82 mm.sec™! respectively, Table 32, ref. 4) strongly suggesting that the
Me compound is somewhat associated, while the Ph compound is unassociated. The unas-
sociated structure has been confirmed by an X-ray study™”, but there appears to be dis-
agreement amongst crystallographers as to whether Me, SnCl, is associated®™*®_ The asso-
ciated nature of Me, SnCl, should be confirmed by frozen solution Méssbauer studies.
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TABLE 10
Quadrupole splittings for the five Fe{CO), [P{Me)3] 215 isomers?®

Quadrupole splitting n
(mm.sec '}
Fredicted Observed Predicted
11rans P —0.96 0.90 0
cis 1 and CO
2 all trons +1.31 +1.31 Q.52
3 all s —0.65 0.52
4 rons 1 +1.26 0
ciz Pand CO
5 trans CO ~0.30 0
_cisland P
TABLE i1
Some Sn!'Y quadrupole splitting data® (mm.sec™ at 8°K)

X F Ct Br I
Me3SnX 3.82 3.44 3.39 3.10
Ph3SnX 153 2.56 2.25 2.25

The quadrupole splittings have been used to detect association in a host of other snlY
compaunds 3%,

{iii} Prediction of other quadrupole parameters and NMR linewidths

The next major use of PQS values — and one which takes the method into a large num-
ber of non-Mdssbauer elements — is for predicting the signs and magnitudes of e? g@Q for
other t,g(' ions such as Mn%, Co™, Rull, W°: and 4d*° ions such as SbY (refs. 40—42).

Mn, Co (and such elements as V and Re) have NQR isotopes'!, but the signs of the quadru.
pole splitting cannot be obtained for these elements or for the Mdssbauer isotope *®Ru.
Molecular orbital calculations have been carried out for some Mn! (refs. 42, 43) and Colll
compounds (refs. 43, 44), and the orbital populations derived fram these calculations have
been used to predict (e*4Q)ss ;, and (¢?qQ)sy - These signs appear to be incorrect.

We assume that in iscelectronic and isostructural compounds such as {Me;SnCl, 17 and
Me;SbCL, or m'ms-[Com(NH3)4 Ci; 1" and “rrans-Fe(NH;3),Cl,” that the bonding is iden-
tical, and we can then write

q 3d((b)QS9Co
Q3d(pe)QS'r Fe

€40y ga=| | @a@¢ oo ©)
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Fied. e2gQ for suY compounds plotted against e*q( for isoelectronic, isostructural salY sompounds.
(The tn species cary net negative charges.)

and analogous expressions could be written for Sn™V--SbY and Fel'—Rull compourds, There
are a few ways of using this formula, For a number of compounds we can plot one quadru-
pole splitting versus the other and we should obtain a straight line with zero intercept, with
the slope given by the square bracketed term in eqn. (9). If the ¢’s are known and one of the
2's, we can obtain the sign and magnitude of the ather Q. For example (Fig.4), for Sn and
Sb species we obtain an excelient straight line whose slope gives Qyygg, = —0.062 bamn®.
This is in excellent agreement with another recently determined value®® of ~0.065 bam,
From the correlation, it is interesting to note that the sign of e*gQ for SnCls™ must be neg-
ative, This quadrupole splitting was too small for the sign to be measured experimentally.

A similar plot for Ru compounds, using the PQS values to predict the quadrupole splittings
for the hypothetical Fe analogues, gave {(Qes g | = 0.34 barn (ref. 41)

If very few quadrupole splittings are known, as is the case for Co!! campounds, one of
the Q’s can be solved for from just one or two compounds. For example, from the mea-
sured e2qQ for rans-Co(NH;3)4Cl, * species™ and the calculated quadmpole splitting from
PQS values (Table 6) for “frans-Fe(NH;),Cl, ™, we calculated *® {Qg, = 0.16 barn and
showed that the sign of g in both compounds should be positve, in opposition to the neg:
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ative sign predicted from MO calculations*® . The value of iQs-,FeI is in reasonable agree-
ment with the value of 0.20 generally accepted (references cited in ref. 40).

Altematively, we can use eqn. (9) to calculate ¢24Q for an isoelectronic, isostructural
compound if the g’s and (s are known and (equ)Fe cpd 2N be obtaired either by direct
measurement or from the PQS values. For example, consider the 5° Mn! €240 values in Ta-
ble 12 obtained from NMR measurements. The signs for these splittings could not be ob-
tained experimentally. The signs in brackets are predicted from MO calculations. From the
PQS values in Table 6, the €ZgQ values for the [Fe(CO);L] T (L=CI7, Br ", 17, SnCl3~, H™)
analogues were predicted, and using known values®? for the g’s and Q’s*, egn. (9) was used
to obtain the £2g(Q values for the Mn compounds in Table 12. The signs are opposite to
those predicted previously, and the magnitudes of e?gQ are in remarkably good agreement
with the observed considering the assumptions involved in the PQS treatment, and possible
errors in the g’s and J's.

TABLE 12
e"’qQ for Mnl compounds

Compound equ (MHz)

Observed %@ Predicted™?
Mn(CO)sC1 (-)}13.86 +16.2
Mn{CO}sBr {~-}17.46 +17.5
Mn(CO)s1 {—)19.85 +16.8
Mn{CO)sSnCly (-} 1.2 + 7.8
Mn{CO)sH -31.7

The above results are perhaps of greater interest , because we can now use the predicted
e?qQ values to rationalize trends in 5*Mn NMR linewidths. The linewidth for a quadrupolar
nucleus AH can be expressed??

)
AH=C (“"—%Qa)z T (10)
where C = constant, and 7_ = rotational correlation time, which depends mostly on the
size of the molecule, the type of solvent and solvent—solute interactions.

Since NMR linewidths for such / > % nuclei are determined mainly by quadrupole re-
laxation*®,/AH should be proportional to e2gQ. There is good qualitative agreement
between the observed relative AN values®®®' and those expected from the calculated
(e*gQ) values in Table 12. Thus the observed linewidths for the Mn(CO)s X compounds
are (in gauss): Mn(CO)sSnCl; = 0.18, Mn(CO)sCl = 0.18, Mn(CO); Br = 0.38, Mn(CO);1 =
0.557 and Mn{CO)sH = 2.39 {ref. 50). Also the observed +/AH versus chemical shift cor-
relations®! strongly suggest that there should be a change in sign of e*qQ from the

> Q55M.n is taken to be positive.
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Mn(CO)sL (L = Cl, Br, SnCl; } compounds to Mn(CO)sH as predicted above. This corre-
lation also strongly suggests that all Mn(CO);s L compounds with chemical shifts below
~ 2150 p.p.m. have positive e2qQ values, while those having chemical shifts above this val-
ue have negative e>qQ values,

Values for PQS and egn. (9) should now be useful for predicting quadrupole parameters
for other species such as 22W® and > Il as well as for correlating and predicting future
9 Rull, CoM and **Mn! quadrupole splittings.

(iv ) Bonding properrties aof ligands and preparation of new compounds

Finally, we come to what is probably the most important information obtainable from
PQS values — bonding information. Just as the quadrupole splittings for the trans-[FeHL
(depe), ] series (Fig.3) become more negative with increasing (o — ) properties of ligand
L, so the PQS values become more negative with increasing (¢ — ) (ref. 5)*. Similarly, par-
tial center shift (PCS) values can be calculated® and like the center shift, PCS a — (o + 7).
A plot of PCS versus PQS?? for a large number of neutral ligands (Fig.5) is similar in form
to the CS—QS plot in Fig.3. Most of the ligands lie close to the line drawn, again indicating
that o effects dominate both the CS and QS. The stronger the 7 acceptor, the farther the
tigand lies to the left of the line.

-CQ1y *o
acok #ArNC
oM

ooz
pc.s
o0 JFPiOMel,

{mm sec?
S oak FIOEY,

P(OPl, dmpesz,

cosf
{g-1}
#1007 2

aler) o

£ -
-040 -Q50 -DEO -Q70 -QE0
p-q.s{rmm sec™ (T-1) -
Fig.5. Plot of partial center shift (PCS) versus partial quadrupole splitting {PQS) for neutral ligands
bonded to Fell, The errors on both ase > 0.01 mm.sec™ mrepresenwed by the bars on the P{OPh);3 po-
sition.

* Clark et al.* have develaped a formal molecular orbital model to account for the additivity consid-
ering o bonding. Their results indicate that  bonding contributions may not be additive.
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Thus CO is a very strong ¢ donor and  acceptor, and phosphites are stronger 7 acceptors
than their corresponding phosphines.

We would now like to use the above bonding informaton to prepare new compounds.
A host of Fel isocyanide compounds have been prepared®?, but very few six-coordinate
Fell compounds containing phosphites or phosphines are known, and all of these known
phosphine and phosphite compounds® contain the powerful ligands H or CO. Yet our
bonding information from Fig.5 suggests that P(OMe), is nearly as good a o and 7 ligand
as are isocyanides, suggesting that P(OMe); compounds analogous to the isocyanide deriv-
atives should be capable of being prepared if steric factors are not important.

A number of the P{OMe); analogues have now been made*?, and a selection of these
are listed in Table 13 zlong with their Mdssbauer parameters — neutral compounds, mono-
cations and dications. It is apparent then that the bonding information derivable from
M&ssbauer parameters should be very useful in preparing compounds of Fell, and other
ions such as Mn! and Co'™™ having (r.,_g)6 electronic configurations.

TABLE 13
Comparison of P(OMe); and ArNC «::(J:'l'lp]mmsB
Compound s QS .
(mm.sec”!) (mm.sec™t)
¢is-FeCISnCl3 [P(OMe); ] 4 0.34 £-)0.45
{FeSnCl;]P(OMe)3] 51BPhy 0.34 (+)0.36
{Fe[P{OMe)}3] s K{BPh4); . 0.30 <'0.10
Fe(CO)31; [P(OMe);] 0.29 0.36
Fe(CO)z BIQ[P(OL18}3] 2 0.29 {-)0.93
eis-FeCISnCl; {ANC] 4 0.34 {-)0.67
[FeSnCl3{AsNC)g ] CiO, 0.22 +)0.33
[Fe{CNMe)s] (H504)2 0.23 0
Fe(CO)3I5 (ArNC) 0.29 0.58
Fe{CO},1,(AINC); 0.29 {(-)0.79
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