1972

Ratios of Quadrupole Splittings:

2643

Determination of Quadrupole Para-

meters for Ruthenium-99 and Tin-119

By G. M. Bancroft,* K. D. Butler, and E. T. Libbey, Chemistry Department, The University of Western Ontario,

London 72, Canada

Partial quadrupole splitting values from Fel! low-spin compounds are used to obtain the sign of €2gQ * for nine
Ru™ compounds; from the ratios of quadrupole splittings of Ru® and Fe analogues, the *Ru quadrupole
moment, Q *, has been calculated to be |0-34| £ 0-07 x 10-28 m2, The Ru quadrupole splittings and centre shifts
for [Ru(NH;)sL]2+ compounds (L = N,, CO, or MeCN) indicate that N, is relatively a poora donor but a moderate

7 acceptor.

By comparing 112Sn and 121Sb e%2gQ values for isoelectronic and isostructural compounds, the quadrupole

moment of 112Sn is calculated to be —0-062 = 0-02 x 10-28 m2,

deduced to be negative.

A NUMBER of excited-state quadrupole splittings for
®RuT compounds have now been determined '* but
rationalization of these splittings has not yet been
attempted because the signs of e2gQ* are not known.
Since the quadrupole splittings of these compounds are
small, and often barely resolvable, there is little possi-
bility of these signs being measured. In addition,
the magnitude and sign of the quadrupole moment
Q*wgy is not well established. A lower limit of 0-15 X
1072 m?2 has been calculated for Q*ug, from the measured
¢%q(Q) for RuO, by assuming that the fourth 4 electron in
Ru%* occupies solely the d,, or d,, orbital® However,
with spin-orbit coupling and crystal field effects,
Q*wgy may well be much larger than this preliminary
value.

Despite the large body of data on 19Sn quadrupole
splittings, some of the quadrupole parameters are not
vet well established. For example, the sign and magni-
tude of the ®Sn quadrupole moment have been re-
ported 7 but the magnitude of Qusg, is uncertain.
In addition, confirmatory evidence for the negative
sign of Qusg, would be welcome,® since this sign was
postulated ¢ on the basis of bonding schemes which are
too empirical to be entirely reliable.

To obtain some of the above unknown or uncertain
quadrupole parameters for #Ru and 1%Sn, we use the
ratio method outlined previously.® If one takes two
corresponding isoelectronic compounds such as frans-
Fe(NH,),Cl, (1) and t#rans-[Co(NH;),CLL1* (2)® and
assumes (a) that the bonding is identical in both com-
pounds, (b) that the small contributions to ¢%¢Q from
the small 4p-orbital occupation can be neglected, and
(c) that the Sternheimer antishielding factors (1 — R)
are the same in both compounds, then one obtains
equation (1). This formula can be used in two ways.

(%0)y = [ﬁ“&%](eﬁqg)l )
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First, the sign of (¢?¢Q), can be obtained if the sign of
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The quadrupole splitting of the SnCl;~ ion is

(¢%¢Q), is known, or can be calculated from partial
quadrupole splitting (p.q.s.) values. For example, the
calculated sign of e?qQ for trans-Fe(NH,),Cl, was posi-
tive; therefore, the sign of ¢%qQ for trans-[Co(NH,),-
Cl,]" must also be positive (for @, and @, both positive).
Secondly, either one of the Q or ¢ parameters in equation
(1) can be obtained if the other five quantities are known.
In our comparison of Fell and Co!™ complexes? a
semiempirical value for Qspe was thus obtained, which
was in reasonable agreement with other published
values of Qupe.

For a number of analogous compounds of electronically
isosymmetric metal ions M; and M,, it is convenient
to plot (¢2qQ)y, against (¢2gQ)y,. The intercept should
be zero, and the slope given by (2). From such a graph,
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the signs of (¢2gQ)w, can be obtained if those of (¢2¢Q)y,
are known, and the slope can be used to obtain one of
the quadrupole moments.

Using the above method for pairs of Ru and Fe
compounds, and Sb and Sn compounds, we have ob-
tained the signs of the quadrupole splittings for Ru
and Sn compounds which cannot be obtained from
experimental data. Using equation (1), we have
calculated new values of the quadrupole moments,
Q*wpa and Qusgy which, despite the assumptions noted
above, appear to be more accurate than those reported
previously.

RESULTS AND DISCUSSION

Ru and Fe Quadrupole Splittings.—Table 1 lists re-
ported }e%qQ* values for nine Ru™ compounds.l*
Because values obtained by different groups vary
markedly sometimes, we have averaged the reported
quadrupole splittings.1® Very small quadrupole split-
tings have been arbitrarily assigned to the [Ru(NHj,),-
L1?* (L =CO and MeCN) compounds. The large

5 O. C. Kistner, Phys. Rev., 1966, 144, 1022.

¢ A, J. F. Boyle, D. St P. Bunbury, and C. Edwards, Proc.
Phys. Soc., 1962, 79, 416.

7 M. Ccrdey-Hayes, J. Inorg. Nuclear Chem., 1964, 26, 915.

8 N. N. Greenwood and T. C. Gibb,  Méssbauer Spectroscopy,’
Chapman and Hall, London, 1971, p. 379.

® G. M. Bancroft, Chemn. Phys. Letters, 1971, 10, 449.

10 G. M. Bancroft and R. H. Platt, Adv. Inorg. Radiochem.,
1973, 15, (Table 50), in the press.
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linewidth in the CO compound definitely indicates
unresolved splitting. The choice of }e2gQ* values for
these two compounds makes little difference to the later
analysis.

TABLE 1

Quadrupole splittings for Ru compounds, and cal-

culated quadrupole splittings for analogous Fe
compounds
[3e29Q*|(Ru) 3e%Q(Fe)

mm s-! mm st
[M(NH,),COJ2+ >0(0-10) —0-08
[M(NH,),MeCN]z+ ~0(0-05) —0-16
[M(NH,),N,]2* 0-23 +0-28
[MBr,NOJ2- 0-08 +0-60
[MCINO]J2- 0-21 +0-64
[M(CN),NO,]¢- 0-28 +0-86
(M(NCS);NO]z~ 0-24 +1-02
(M(NH,),NOJ3+ 0-36 +1-06
[M(CN),NO]*~ 0-42 +1-72

Most of the Fel analogues are unknown, but the
quadrupole splittings for hypothetical compounds
can be calculated by use of partial quadrupole splittings
(Table 2). Most of these values are taken from a pre-
vious paper,I! but those for N, and MeCN have been
calculated from the quadrupole splittings of frans-
[FeHL'(depe),)*BPh,~ (L' =N, and MeCN).2? The

TaBLE 2
Partial quadrupole splittings/mm s for ligands in Fell
compounds
NO+ +0-02 MeCN —0-43
Br- —0-28 NCS- —0-49
cl- —0-30 NH, —0-51
N, —0-37 CO —0-55
NO,~ —0-41 CN- —0-84
H- —1-04

value for CO is taken from a recent paper,!® and our
present studies indicate that this is a reasonable
value. The p.q.s. values for N, and CO are expected
to vary over a range of ca. 0-1 mm s71,14 but those quoted
appear to be good working values.

The  quadrupole splittings in Table 1 for the
Fell compounds can then be calculated simply. The
Z ef.g. axis is along the four-fold molecular axis, and
for a species FeAB;, the quadrupole splitting is given
by 2(p.q.s.)a — 2(p.q.s.)s.1®

A plot of [(3¢2gQ*)|ru against (}e%¢Q)re is given in
Figure 1 and the nine points have been fitted to a least-
squares straight line with slope -+3:0 and intercept
+0-1 mm s® If the CO and MeCN compounds are
omitted, then the slope is +43-2 and the intercept
+0-05 mm s?. The possible errors in the Ru quad-
rupole splittings, and the assumption of identical
bonding on both Ru and Fe compounds being considered,

t Although many values for the quadrupole moment of 57Fe
have been suggested, 0-20 X 1072 m? is commonly considered
to best represent Qs7g, at present.

11 G, M. Bancroft, R. E. B. Garrod, and A. G. Maddock, J.
Chem. Soc. (4), 1971, 3165.

12 G. M. Bancroft, R. E. B. Garrod, A. G. Maddock, M. J.
Mays, and B. E. Prater, J. Amer. Chem. Soc., 1972, 94, 647.
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there is a reasonably good linear correlation and the
intercept is remarkably close to zero.

Except for the first two Ru compounds in Table 1,
the signs of ¢ for the other Ru compounds can be con-
fidently assigned as positive: if Q* is positive, then
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FIGUurRe 1 }62¢Q for Fell compounds plotted against
|4¢%gQ*| for analogous Ru!! compounds

€’gQ* for these compounds is also positive, as for
the analogous Fe compounds. Because of the very
small ¢%9Q values for M(NHj);(MeCN)2* and M(NH,),-
(CO)%*, and the variable bonding of CO, the signs of ¢
for these compounds are more tentative.

The correlation strongly suggests that the bonding
in analogous Fe and Ru complexes is reasonably
similar, i.e., that ¢ as defined in equation (3)5

¢ = K[—Nap + Ng»_pp + No, —3(Na,, + Ng,)] - (3)

in both Ru and Fe complexes are similar. We
therefore feel that it is reasonable to use equation (1)
to calculate a value of Q*wg, using the following quan-
tities: (r3),; for Ru™ = 5-86 2,3, (r3),, for Fell =
4-73 43,18 and taking E,(*Ru) = 90 keV and E,,(°Fe) =
14-4 keV, Qupe = 020 X 102 m? 1t and (e29Q*)gn,/
(¢2gQ)pe = +3-0 from Figure 1. Substituting these
values into equation (1) (using E, to convert the ¢%qQ
values from mm s? into MHz), we obtain |Q*wgy| =
034 x 102 m2 It is difficult to measure the error
in this quantity owing to the errors in the ¢29Q values,
QOspe, the #2> values, and the assumption of identical
bonding in analogous Fe and Ru compounds. However,

13 P, Vasudev and C. H. W. Jones, to be published.

14 G. M. Bancroft and E. T. Libbey, J.C.S. Dalton, submitted
for publication.

15 G. M. Bancroft, M. J. Mays, and B. E. Prater, J. Chem.
Soc. (4), 1970, 956.

18 A. J. Freeman and R. E. Watson, in ‘ Magnetism,” ed.
Suhl-Rado, Academic Press Inc., New York, 1965, vol. ITA, 291.
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we suggest that the above value is accurate to 0-07 X
108 m2. Qur value of Q* is considerably larger than
the minimum value reported previously.?

Having established the correlation between Ru and Fe
quadrupole splittings, it is worth commenting on the
variation of quadrupole splittings with bonding pro-
perties of ligands using the method outlined earlier.1%15
For example, in the M(NHy);L series (L = N,, MeCN,
and CO), ¢%gQ* will become more negative as the o
donor ability of L increases, and as the =-acceptor
ability of L decreases, ¢.e., as ¢ — = increases. The
partial quadrupole splitting values for N,, MeCN,
and CO (Table 2), and the variation in quadrupole
splittings for the above three pairs of compounds in-
dicate that ¢ — = increases in the order N, << MeCN <
CO. Thus CO is most likely a better ¢ donor and a
better = acceptor than NHj, [(p.q.s.)co & (p.q.5.)vm,]
and the two almost cancel out to give a small unre-
solvable quadrupole splitting in M(NH,);CO In con-
trast, N, is probably a better = acceptor but worse o
donor than NH,; [(p.q.s.)x, is more positive than
{p.q.s.)xm,], and both o and = terms contribute to a
moderately large quadrupole splitting. Together with
both Ru and Fe centre-shift data which indicate that
that ¢ + = increases in the order MeCN << N, < CO,
we conclude, as previously,!? that N, is a poor ¢ donor
and a moderate = acceptor when bonded to both Fe
and Ru.

Sn and Sb Quadrupole Splittings.—A plot of (e2gQ)megn
against (e%gQ)ng, for isoelectronic Sn 1720 and Sb 222
compounds is given in Figure 2. All of the Sb ¢%Q
signs are negative,?22 while the signs of ¢%3Q are known
to be negative for [Me;SnCly]~ and [PhySnCl}~.20 It
is reasonable to assume then that e24(Q is negative for the
other [RySnX,]~ compounds.

The analogous Sn and Sb compounds appear to be
isostructural. Both SbCl; at room temperature and
SnCl;~ have trigonal bipyramidal structures with
metal-chlorine bond lengths of 2:35 401 A2
Although several studies (see refs. in ref. 25) have sug-
gested that SbCl; undergoes a change in structure at
low temperatures, an Sb n.q.r. study showed that
(e%gQ)sp is the same above and below the transition
temperature.?® The Me;SbX, and Ph,SbX, structures
are also based on a trigonal bipyramid, with axial
halogens and equatorial Me or Ph ligands.?%2%28 There
are no X-ray data on the analogous tin compounds,
but i.r. evidence for [PhySnX,])~ 2 suggests that they

17 R. V. Parish and R. H. Platt, J. Ckem. Soc. (4), 1969, 2145.

18 R. V. Parish and R. H. Platt, Inorg. Chim. Acta, 1970, 4,
65.

1% J. Ensling, P. Gutlich, K. M. Hasselbach, and B. W. Fitz-
simmons, J. Chem. Soc. (4), 1971, 1940.

20 R. V. Parish and C. E. Johnson, J. Ckem. Soc. (A4), 1971,
1906.

2t J. G. Stevens and S. L. Ruby, Phys. Letters, 1970, 824, 91;
G. G. Long, J. G. Stevens, R. J. Tullbane, and L. H. Bowen,
J. Amer. Chem. Soc., 1970, 92, 4230.

22 L. H. Bowen, J. G. Stevens, and G. G. Long, J. Chem. Phys.,
1969, 51, 2010.

28 R. F. Bryan, J. Amer. Chem. Soc., 1963, 86, 733.

24 S. M. Ohlberg, J. Amer. Chem. Soc., 1959, 81, 811.
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are isostructural with the corresponding antimony
compounds.

Figure 2 shows the good linear correlation between
the Sb and Sn quadrupole splittings. The slope is
+3-40; and once again the intercept is very close to
zero (+0-25 mm s1). Two facts can immediately be
obtained from this graph. First, since Qug, is nega-
tive,3 Qug, must also be negative. Secondly, the
sign of e%gQ for SnCl;~ is negative as first assumed by
Parish and Platt.® However, the recent M.O. treat-
ment for Sn compounds left this sign in some doubt.3!
From the treatment by Clark ¢f al.,3! it is apparent that
oot?® > ogthe (tba = trigonal bipyramidal axial; tbe =
trigonal bipyramidal equatorial).

Using equation (1), the quadrupole moment of !Sn
can be calculated from: Qugpgy = —028 X 10
m2,3° Gsp(8n) = 11-2 a.o_s, Isp(st) = 13-0 30-3,32 and
E,(Sb)/E,(Sn) = 1-55.3% Substituting these quantities
and the slope of the line into equation (1) gives Qusgn =
—0:062 X 102 m?, in reasonable agreement with
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¢2¢Q for SbY compounds plotted against e2¢Q
for isoelectronic Sn!V compounds

FIGURE 2

those values given previously.®7 With the large error
in Qugp (= 0-1 X 1072 m?),3 the absolute error in this

28 J. G. Stevens and L. H. Bowen, ¢ Mossbauer Effect Method-
ology,” ed. 1. J. Gruverman, Plenum Press, New York, 1970,
5, 27 and references therein.

28 R. F. Schneider and J. V. DiLorenzo, J. Chem. Phys., 1967,
47, 2343.

27 A, F. Wells, Z. Krist., 1938, 99, 367.

28 T. N. Polynova and M. A. Porai-Koshits, Zhur. struki.
Khim., 1960, 1, 159.

2 T. Srivastava, p Organometallic Chem., 1967, 10, 375.

3¢ S, L. Ruby, G. M. Kalvius, G. B. Beard, and R. E. Snyder,
Phys. Rev., 1967, 159, 239.

31 M. G. Clark, A. G. Maddock, and R. H. Platt, J. Chem.
Soc. (4), 1972, 281.

32 R. G. Barnes and W. V. Smith, Phys. Rev., 1954, 93, 95.

33 Mossbauer Effect Data Index, ed. J. G. Stevens and V. E.
Stevens, Plenum Press, New York, 1970.
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value is probably about 40-02 x 102 m?2, although
the ratio of Qg : Qsn Obtained by this method is probably
more accurate.

Finally, it should be noted that with the above value
of Qug, and the gspeny value given above, the 3e%gQ
value for one 5,, electron in 11%Sn (=4,) is ca. 3-4 mm

3 D. E. Williams and C. W. Kocher, J. Chem. Phys., 1970,
52, 1480.

35 A, G. Maddock and R. H. Platt, J. Chem. Phys., 1971, §5,
1490.
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s1, substantially smaller than those used for previous
calculations.34.35

Note added in proof: A recent paper 36 reports values for
QOugn (—0-065 x 1072 m? and A, 3-5 mm s™) in excellent
agreement with our values.

[2/1404 Received, 10th July, 1972]

3 A, Micklitz and P. H. Barrett, Phys. Rev. B., 1972, §,
1704.
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