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Single-crystal polarized Raman spectra have been obtained for the Prussian Blue analogs Mn3[{Co(CN)s]2xH20 and
Cd3[Co(CN)6]2:xH20 and their Raman-active fundamentals have been assigned. Raman spectra have also been obtained
for both salts following dehydration and after substitution of ammonia for water. Large shifts are observed for the Co(CN)s3-
modes in going from aqueous solution to the Prussian Blue lattices; the Co—C stretching modes increase by 6575 ¢cm-!.
The observed shifts for the Co~C and C-N stretching modes can be reproduced by inclusion of M=N (M = Mn or Cd)
interactions without changing the intramolecular potentials except for an increase in the valence C-N stretching constant.
The high value estimated for the Mn-N force constant and the calculated change in fcN provide evidence for an unusually
strong Mn—N interaction and for a dw—pn* overlap between the manganese and the nitrogen end of the cyanide. Results
obtained for the dehydrated samples show that the M—-N bond strength increases as water is removed. Also, both salts
undergo a phase change to a low-symmetry space group as water is removed. Raman data show that substitution of ammonia
for water in the cadmium salts destroys the strong Prussian Blue lattice generating a double salt of the type [Cd-

(NH3)4][Co(CN)s]2-yNH3.

Introduction

There has been considerable interest over the years in the
series of transition metal cyanides, referred to as Prussian
Blues. These salts are highly insoluble, indicating the presence
of unusually strong interionic forces. More importantly, these
cyano complexes, notably cupric ferrocyanide, act as semi-
permeable membranes.

While a great deal of work has been done on these simple
cyanides, their structures have remained a mystery until very
recently. Early structural work was based on powder samples
as single crystals could not be obtained. Ludi’s recent success
in obtaining single crystals of manganous cobalticyanide,!
Mn3[Co(CN)¢]2:xH20, and other Prussian Blue analogues2
has provided a consistent structural model for these cyano
complexes. Ludi’s structural work, and the availability of
single crystals, now make it possible to carry out detailed
vibrational spectroscopic studieés which were not possible with
powder samples.

The molecular vibrations of Prussian Blues are interesting
from two standpoints. First, the structural simplicity of the
Prussian Blues makes them ideal model systems for studying

molecular transport through membranes. Similar studies on

noncrystalline membranes are difficult since the local guest
molecule environment is either unknown or variable. With
a crystalline membrane it should be possible to probe directly
the interactions between the membrane lattice and the guest
molecule using vibrational spectroscopy. Perturbations of the
host membrane molecular vibrations as water is removed and
replaced by other small molecules provide direct information
concerning the membrane bonding as a function of the guest
molecule. Similarly, shifts in the guest molecule’s molecular
vibrations in going from an isolated envionment to the
membrane lattice will tell us something of the bonding changes
in the guest molecule,

Prussian Blues are intriguing model systems for studying

membranes for several reasons. There are only three discrete
types of sites for the guest molecule, and each has high
symmetry.1.2 Thus, the guest—host interactions are few and
relatively simple. The high space group symmetry of the
Prussian Blues, Fm3m, and the high site symmetry of the
hexacyanide moieties, On, simplifies both vibrational as-
signments and the interionic interactions. Also, the abundance
of information on related cyano complexes provides adequate
basis for comparative studies. The principal ingredient of the
Prussian Blues, the transition metal hexacyanide, has been
probed by vibrational spectroscopy,3# electronic spectra,’ and
MO calculations.5¢ The cubic Cs2LiM(CN)s salts, which are
structurally similar to the Prussian Blues, have been studied
in detail using vibrational spectroscopy’8 and x-ray crys-
tallography.9.10 The effort spent on the dicesium lithium salts
and the recent emergence of related cyanides!l.!2 should
simplify our present effort.

The bonding in Prussian Blues is also interesting from the
standpoint of their unusually strong interionic potentials. In
ionic species, external forces often perturb the internal modes
of vibration in a dramatic way. The frequency shifts observed
for M(CN)63- internal modes in going from aqueous solution
to the Cs2LiM(CN)s lattices are substantial.”® Surprisingly,
even the high-frequency C~N stretching modes were observed
to shift. Normal-mode calculations for Cs2LiCo(CN)s and
Cs2LiFe(CN)s,” where interionic potentials were included,
have shown that these large frequency shifts could be re-
produced without changing the intramolecular potential
function; except for a slight increase in the valence C-N force
constant.

For the dicesium lithium salts the large frequency shifts
result primarily from the strong Li-N interaction.4b.7 Since
the structures of the CsaLiM(CN)s salts closely parallel those
of Prussian Blues and since in place of a Li-N interaction there
is now a much stronger M-N interaction (where M is a di-
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Figure 1. Schematic of the Mn,[Co(CN), ],-xH, 0 lattice.

or trivalent transition metal), even larger perturbations are
expected for the M(CN)¢" internal modes.

This report is concerned with single-crystal Raman spectra
of Mn3[Co(CN)s]2:xL and Cdi[Co(CN)¢]2:xL (where L =
H20, D20, NH3, ND3) and the corresponding dehydrated
samples. The single crystals used in this study were kindly
supplied by Gary Beall and W. O. Milligan.!3

Experimental Section

Both Mn3{Co(CN)¢]2xH20 and Cd3[Co(CN)g]2xH20 crystallize
in the space group Fm3m with the Co(CN)¢3- moieties statistically
disordered in the octahedral site at the origin of the unit cell.1.2 The
counter transition metals occupy the other octahedral sites along the
cell edges [the 4b position (0, 0, !/2) etc.]. Water molecules are present
in the tetrahedral holes and are also found coordinated to the counter
transition metal (Mn2+ or Cd2+) when the Co(CN)s3~ moiety is not
present. Recent crystallographic studies also indicate that water may
be present in the 4a positions when the Co(CN)e?- ion is missing.!4
Thus, in addition to the coordinated water, there are two different
types of zeolitic water present in the Prussian Blue lattice. A schematic
of the structure is shown in Figure 1.

The molecular vibrations for the Prussian Blues are most con-
veniently discussed by considering the guest molecule and the
MIU3[Co(CN)¢)2 framework separately. It is not possible to assign
the guest molecules vibrations in detail since the water structure is
not known, Thus, those modes which can be attributed to guest
molecules will simply be compared with the free-molecule vibrations.

The selection rules for the MU3[Co(CN)s]2 framework are
somewhat complicated by the presence of coordinated water: in a
strict sense the local symmetry of the M!! ion is not octahedral.
However, the observed spectra do not deviate markedly from that
expected using Fm3m selection rules. Thus, selection rules based on
an On factor group will be used here.

As we are interested in comparing the molecular vibrations of the
Prussian Blues with those of Cs2LiCo(CN)¢ and since the structures
are essentially the same,!5 the Raman-active modes will be labeled
as were those of the dicesium lithium salts. For both salts Aig and
Eg symmetry C~N and Co-C stretching modes and F2g symmetry
Co—C-N and C-Co-C deformation modes are allowed in the Raman
effect. There are no Raman-active lattice modes for the M!3{Co-
(CN)s]2 framework.

The symmetry species of the observed Raman modes can be
distinguished using two different crystal orientations as has been
described earlier.8 Four scans were used. In scan (001)[(100)-
(100)s](010) A1g and Eg modes are allowed, while for (001)-
[(100)(001)3](010) only F2g modes are allowed. Aigand Eg modes
can_be distinguished using scans (101)[(101)(101):](010) and
(101)[(101)(101)8](010) (where A1g, Eg, and F2, modes and only Eg
modes are allowed, respectively). The notation used here is that
proposed by Swanson.!6 The crystals used in this study were small
(typically, cubes less than 0.4 mm on an edge). Consequently,
polarization data were obtained using an oil immersion cell designed
for small crystals.!?

Raman spectra for dehydrated single crystals and for crystals where
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Figure 2. Evacuable single-crystal Raman cell.

ammonia was substituted for water were observed using the evacuable
cell shown in Figure 2. The crystal was coupled to an optical flat
using silicone grease. The crystal could then be dehydrated by heating
the oil reservoir to ca. 70°C while the cell was evacuated. Dehydration
was complete in 24 hr as evidenced by the Raman spectrum;!8 longer
periods of dehydration resulted in no change in the Raman spectrum.
Ammonia could then be substituted by exposing the dehydrated crystal
to ca. 100 mm of NH3. Using the cell shown in Figure 2 the Raman
spectra for a particular crystal could be obtained before and after
dehydration and after exposure to NHa.

Raman spectra were observed using a Cary 82 spectrometer and
a Spectra Physics 164 Kr+ ion laser (6472-A line). In order to avoid
damage to the crystal, the laser power was maintained at ca 100 mW
at the sample. Laser damage was particularly troublesome for
dehydrated crystals as they were opaque. The spectrometer was
calibrated in the usual way.4

Assignments

M!13[Co(CN)s]2 Modes. Vibrational assignments for the
Co(CN)e¢3- internal modes can easily be made using polari-
zation data. The four scans (001)[(100)(100)s](010),
(001)[(100)(001)#](010), (10I)[(101)(101)s}(010), and
(101)[(101)(101)5](010) for Mn3[Co(CN)s]2:xH20 are
presented in Figure 3. The observed spectra for the cadmium
salts are similar to those of the manganese complex. For both
salts two bands appear at ca. 2192 and 2172 em~! which can
be assigned to »1 and 3, respectively (see Figure 3). These
two C-N stretches are observed roughly 30 cm~! lower for
Cs2LiCo(CN)s.

Unpolarized spectra in the Co-C stretch and Co—~C-N
deformation region, where three bands are expected, show only
a broad band at ca. 480 cm~! and a weak shoulder at ca. 440
cm-!. Both 2 and v4 contribute to the resolved feature at ca.
480 cm-!, as can be verified by comparing scans (101)-
[(101)(101)5](010) and (101)[(101)(101)5](010). Note that
for scan (101)[(101)(101):1(010), where the A1g mode is not
allowed and the Eg mode is stronger,!® the apparent peak
position for the 480-cm-! band is lowered 10 cm~!. For the
cadmium complex both bands were cleanly resolved even in
the unpolarized spectra. The Co-C stretching modes are
observed roughly 50 cm~! lower in the Cs2LiCo(CN)s salt.

At first glance, it is tempting to assign the remaining band
at ca. 440 cm~! to the F2g Co-C-N deformation, vio.
However, for the dicesium lithium salt vi0 is observed at ca.
480 cmt. Inasmuch as »i10 does not shift in going from
Co(CN)s3-(aq) to Cs2LiCo(CN)s8 and since this same mode
is also unshifted in going from Fe(CN)¢*-(aq) to CsaMg-
Fe(CN)s,20 it is unlikely that it should appear 40 cm-! lower
for the Prussian Blues. It is likely that »1¢ is around 480 cm~!
for both Mn3{Co(CN)¢]2-xH20 and Cd3[Co{CN)s]2xH20
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Figure 3. Polarized Raman scattering from Mn,[Co(CN)4],xH,0 (cm™).
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Figure 4. Raman spectra of Mn,[Co(CN)¢],-xL (L=H,0, NH,,
and nothing) in the CN stretch region (cm™).
and is simply obscured by the intense Aig Co—C stretch.

The origin of the 440-cm~! band is not understood at this
time. It is clear that the mode cannot be assigned to a ligand
vibration since it is observed for the dehydrated crystals and
is unshifted when NHj is substituted for H20. A clear un-
derstanding of the 440-cm~! band and a definitive assignment
for the Fag Co—C-N deformation must await a vibrational
study of 13C- and !SN-substituted species.

Polarized Raman spectra in the low-energy region show an
F2g symmetry mode at 200 cm-! which can be assigned to the
C-Co-C deformation »1i. This band is observed in ap-
proximately. the same place for the Cs2LiCo(CN)s salt.

The observed Raman spectra for both salts change dra-
matically as water is removed; the C-N stretch regions for
both salts are shown in Figures 4 and 5. The Co—C and C-N
stretching modes shift to higher frequency and the C-Co-C
deformation splits into two components. It should also be noted
that the quality of the spectra decreased significantly and the
bands appear to broaden as water is removed.
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Figure 5. Raman spectra of Cd,[Co(CN),],"xL (L =H,0, NH,,
and nothing) in the CN stretch region (cm™!).

While the spectra for the normal and dehydrated crystals
of the cadmium and manganese spectra are quite similar, they
differ vastly for the NH3-substituted species. The spectrum
for Mn3[Co(CN)¢]2:xNH3 is nearly identical with that of the
hydrated sample (Figure 4). However, addition of NH3 to
the cadmium complex significantly perturbs the Co(CN)¢3-
modes. The C-N stretching modes shift down ca. 45 cm-!
and the Alg Co—C mode decreases by 80 cm~! while the
C-Co—C deformation decreases by 57 cm-!. These significant
shifts will be discussed below.

In addition to the modes discussed above, one additional
band at ca. 340 cm~! was observed for the cadmium complex.
The fact that this mode does not shift when ammonia is
substituted for water or when a deuterated ligand is used
clearly indicates that this band involves motion of the
Cd3[Co(CN)é6]2 framework. One possible explanation for this
band is that it is the Co—C-N deformation of Fig symmetry.
This mode, which is not allowed if the crystal is strictly Fm3m,
is active since the Co atom site symmetry is lowered by virtue
of water coordination to the cadmium. While the observed
position of this. mode in the cadmium complex is in good
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Table 1. Observed Raman Modes (cm™') for the Co(CN),*~ Moiety in Mn,[Co(CN), ],-xL and Cd,[Co(CN), },-xL (L =H,0, NH,, )¢

Mn, [Co(CN), ],-xL

Cd,[Co(CN), J,-xL

Cs,LiCo-

Co(CN)> & (CN),°© L=H,0 =-d L=NH, L=H,0 L=-d L=NH,
v, (A, g, CN)? 2153.3 2161.6 2190.8 2201 2186.6 2193.8 22125 2146.5
v,(A, g, CoC) 410.5 431.1 485 503 475 484 403
v3(Eg, CN) 2137.0 2150.8 2171.8 2175 2170 2173.8 2188.0 2135.5
v.(E,, CoC) (398) 418.1 470 488 463 459 ~480
p1o(F 5, COCN) 482 484.6 ~480¢ ~480° ~480¢ ~480¢ ~480¢ 485
_ 445 442 440 439 433
v,;(F,g, CCoC) 115 189.9 202 (213 197 185 (194 128
183.5 169

¢ The fundamental modes for the Mn, [Co(CN), },-xL and Cd,[Co(CN),],~xL have been labeled the same as those of Cs,LiCo(CN), (see

ref 7). Y Reference 4a. ¢ Reference 8.

L =~ denotes the Prussian Blue complexes with water removed. € Assumed value.

Table II. Observed Raman Modes (cm™) for Ammonia in Cd, [Co(CN), ],-xNH, and Mn, [Co(CN),],~xNH,

Cd,[Co(CN)4],-xL

Mn, [ColCN). ], XL [C4(NH,), |- [Mn(NH ), -

Description NH, L =NH, L =ND, L =NH, L=ND, ClL, Cl,
v,(NH,) 3414 3365 m, br 2509 m, br 3380 w, br 2399 33359
vs(NH;) 3336 3282 s 2387 s 3298 5 2387 3250¢
v(NH,) 3177 br, w 3175 vw, br 2353
3131w 2327 w 3132w 2322
3113 w 3115w
54(NH;) 1628 1603w 1174 w 1606 w 158522 15922
55(NH,) 950 1302 w 918 w ~1306 vw, br 110122 11342
? 709 vw 709 vw
pr(NH,) 560 w, br 552 w, br 571w 613%2 61772
v(MN) 345 m 304 m 342 w 29872 307722

@ J. M. Terrasse, H. Poulet, and J. P. Mathieu, Spectrochim. A cta, 20, 305 (1964).

agreement with that expected for »5,78 it is somewhat per-
plexing that this mode does not shift for the ammoniated
species as did the other Co(CN)g3- internal modes. It is
possible that »s is simply insensitive to the local Co(CN)s3-
environment.

The above discussed Co(CN)s3~ modes did not shift upon
isotopic substitution of the ligand (H20, D20; NHs, ND3)
further substantiating the above assignments. The observed
Co(CN)e63~ modes for the normal, dehydrated, and
ammonia-substituted samples of the manganese and cadmium
complexes are compared with those of Co(CN)s3-(aq) and
Cs2LiCo(CN)s in Table 1.

Ligand Modes. In general, the ligand modes were quite
weak and, in many instances, unobserved. This is not sur-
prising in view of the noor scattering power of the small guest
molecules and the small crystal size. For the ammoniated
species the N-H stretch regions were quite complex, while for
the other NH3 fundamental modes only single bands were
observed. It is likely that the N-H stretching modes for both
zeolitic and coordinated ammonia are observed while for the
weaker fundamental only the coordinated ammonias are
observed. Most of the observed bands agree with those ex-
pected for coordinated NH3 rather than zeolitic NH3. The
observed NH3 bands are compared with [Cd(NH3)6]Cl22! in
Table II.

The situation for the hydrated samples is worse as most of
the bands are unobserved. For the D20-substituted cadmium
complex, the D-O stretch region exhibited bands at 2630 and
2610 cm~!, All that can be said is that these observed modes
agree with what would be expected for coordinated water.

Discussion

The observed spectra reveal something of both the structure
and bonding in Prussian Blue complexes; the structural im-
plications will be discussed first. The general agreement with
Fm3m selection rules for the manganese complex and the
quality of the polarization data are consistent with an octa-
hedral environment for the Co(CN)g3~ moiety in this complex.
The observation of the Fig Co~C-N deformation mode for
Cd3[Co(CN)s]2xH20 indicates that the Co(CN)e3- site

symmetry is lower than Ok in the cadmium complex.

One possible explanation is that the Cd—OH2 and Cd-NC
interactions differ significantly while the Mn-OH2 and
Mn-NC bond strengths are similar, The Co(CN)s3- moiety
in the manganese complex would see an isotropic environment
while that in the cadmium complex would be anisotropic.
Certainly, the Cd-NC interaction would depend strongly on
whether the ligand trans to the -NC group is a cyanide or
water. This explanation is in agreement with recent crys-
tallographic studies of Beall and Milligan!4 on Cdi[Co-
(CN)sg]2.xH20 which show the Cd—O bond to be significantly
longer than the Cd-N bond.

The Raman spectra for both salts change dramatically as
water is removed. In addition to the shifts observed for the
Co(CN)s3- modes (discussed below) the F2g C-Co-C de-
formation mode splits into two components indicating that the
Co site symmetry has been lowered. The modes broaden (see
Figure 4) and the quality of the spectra decreases. Fur-
thermore, as water is removed, the crystals were observed to
become opague, changing from colorless to pale green. All
of the above indicate that the crystal undergoes a phase change
to a lower symmetry space group as water is removed.
Crystallographic studies of Mn3[Co(CN)e]2-xH20 as water
is removed also support this suggestion.!8 Upon dehydration,
the lattice constant decreases by ca. 0.2 lf and scattering
becomes extremely diffuse. Both the x-ray and Raman data
point to a first-order phase change with concomitant fracturing
of the crystal.

The similarity of the Raman results for the Cd and Mn
complexes strongly suggest that the Cd salt undergoes a similar
phase change upon dehydration. This finding is in direct
contrast with Ludi’s recent claim that the structure of the Cd
salt does not change upon dehydration.2? There are, however,
significant differences between the method used by Ludi and
that reported here for removal of water. Ludi employed an
N2 gas flow system where the gas stream was heated to 30°C.
In view of the extreme hygroscopic nature of the dehydrated
species, it is likely that Ludi was unable to remove completely
the H20 under the mild conditions employed and was,
therefore, looking at a partially dehydrated crystal.
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Finally, it is appropriate to consider the structural impli-
cations of the dramatic change in the Raman spectra of the
Cd complex as NHj is substituted for H20 (Figure 5 and
Table I). The peak positions and general appearance of the

spectrum for Cd3[Co(CN)e]2:xNH3 agree remarkably well

with that of Co(CN)s3- ion in aqueous solution (Table I).42
The large shifts in C—-N and Co—C stretching modes alone
indicate that the strong Cd—N interaction has been broken.
The above, combined with the observation that the ammo-
niated crystal crumbles when touched and dissolves in water,
suggests that a double salt [Cd(NH3)»]3[Co(CN)s]2:yNH3
has been formed. The similarity of the Co(CN)63- modes in
Cd3[Co(CN)6]2:xNH3 with those of Co(CN)e3-(aq) is not
surprising since the H-bonding environment in the ammoniated
sample is probably not greatly different from that present in
water.

The absence of any extreme spectral changes as the
manganese salt is ammoniated shows that this complex does
not form a double salt. In general, the peak positions observed
for the ammoniated manganese salt agree with those of the
hydrated species. The structure of the ammoniated manganese
complex is probably similar to that of the hydrated salt.

Bonding Considerations

The shifts in the Co(CN)¢3- modes in going from aqueous
solution to the Mn3[Co(CN)s]2:xH20 and Cds[Co-
(CN)6]2:xH20 crystalline lattices are quite large. The C-N
stretch modes increase by 35-40 cm~! while the Co—C stretch
modes increase 65-75 cm-! (Table I). These shifts should be
contrasted to the smaller shifts observed in going from Co-
(CN)63-(aq) to Cs2LiCo(CN)¢? and from Fe(CN)¢4-(aq) to
Cs2MgFe(CN)6.20 The observed shifts for the F2g C-Co-C
deformation are nearly the same as that observed for the
Cs2LiCo(CN)s salt (Table I). The stretching modes are
observed to shift to even higher frequencies as water is removed
(Table I).

The observed shifts in the stretching modes can be explained
in terms of the nature of the M—=N interactions (where M
denotes the metal in the 4b position); the arguments here are
essentially the same as those used to discuss Cs2MgFe(CN)s
in the preceding article.20 The M-N interactions result in an
increase in the stretching modes by virtue of the symmetry
constraint in the crystalline lattice which necessitates a
compression of the M—-N; bond as C~N; or Co—Ci is stretched.
Thus, a stronger M-N bond will lead to higher observed
frequencies for »1, »2, »3, and v4.

In addition, the M—N interaction also perturbs the observed
C-N stretching modes by virtue of a change in the valence
C-N force constant. For the Cs2LiCo(CN)s salt? fon was
estimated to increase by ca. 0.1 mdyn/A while for the fer-
rocyanides [Fe(CN)¢4-(aq) — Cs2MgFe(CN)6)20] the in-
crease was roughly 0.5 mdyn/A. In both cases the increase
in fon was attributed to electron withdrawal from the lowest
filled antibonding CN- ¢ MO.

The bonding implications of the observed shifts are more
readily explained by considering the Aig and Eg symmetry
force constants. As there are insufficient data to allow a
simultaneous refinement of all of the constants in either
symmetry block, certain constraints are necessary. The same
constraints which were used in the original treatments of
Cs2LiCo(CN)6 and CsaMgFe(CN)e¢ will be used here; these
constraints are itemized in Table I1I.

The original treatments of the Co(CN)e¢3-(aq) ion and
Cs2LiCo(CN)¢ were carried out using data where the C-N
stretching modes were corrected for anharmonicity. The
anharmonicity corrections found for Co(CN)s3-(aq)42 were
used to obtain w1 and w3 for the manganese salt. The cal-
culations were carried out using Schachtschneider’s force
constant perturbation program.23 For further details on the
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Table Ill. A, and E; Symmetry Force Constants?

Cs,LiCo- MuslCOCNlrxL
Co(CN),>~ (CN); L=H,0 L=-
F,, 17.64 17.99 19.06 19.43
F,, 2.64 2.89 3.56 3.84
F,, 0.43 0.68 1.39 1.63
F,, 17.22 17.57 18.56 18.80
F,, 2.49 2.74 3.45 3.69
F,, 0.29 0.54 1.25 1.49
Foptneny 0= A, g, Eg) 0.25 0.96 1.2
AfCN(Axgh)a 0.1 0.46 0.59
AfenN(Eg) 0.1 0.38 0.38
Av,© 0.3 0.2
Av,© 1.7 3.4
av,° 0.1 0.0
Av,© -3.1 -1.8

% Afen (A, g) and Afeyn (E) refer to the change in the valence
C-N force constants estimated from the refined A,g and Ey
constants F,, and F,,. Y The intramolecular symmetry force
constants for Co(CN),*"(aq), which are uniquely defined from
isotopic shift data,*® will be transferred directly for F,,, F,,, F,,,
and F,,. These symmetry force constants will be augmented by
the appropriate symmetry force constants for the null
coordinates involving Mn-N stretch (FA‘gMnN,MnN and
FEgMnN,MnN)~ Essentially, this corresponds to transferring in
the intramolecular potentials involving Co~C stretch and Co-C,
C-N interaction; the symmetry force constant for Mn~N stretch
enters into the expressions for Co~C and C-N stretches linearly.’
The constants FA 12y N Man and FEEyn N Man Will be set
equal since the only difference between these constants is the cis
interaction, f®18y1, 0 M’ Which is expected to be negligible.”
The symmetry constants involving C-N stretch, F,, and F,;, will
be refined; this corresponds to allowing the valence C-N stretching
constant to vary. € Av =vgpsq — Vealed-

normal-mode treatment, see the preceding article. The final
symmetry force constants and the differences between cal-
culated and observed frequencies are presented in Table III.
As can be seen from Table III, the large frequency shifts
observed for Mn3[Co(CN)¢]2:xH20 and the dehydrated
sample could be reproduced in this manner.

It is interesting to compare the values obtained here for
FrMNMN (v = Alg or Eg) with those obtained earlier for
Cs2LiCo(CN)s and Cs2MgFe(CN)s. The constants FYMN MN
provide a crude estimate of the relative values of the valence
M-N stretching constants for these systems. The value
obtained for Cs2MgFe(CN)s, F*MgN.MgN = 0.55 mdyn/A, is
roughly twice as great as that obtained for Cs2LiCo(CN)e,
FLiNLIN = 0.25 mdyn/A. This difference is expected in view
of the difference in oxidation states of the 4B metal. Sur-
prisingly, the value obtained for Mn3[Co(CN)¢]22xH20 is
nearly twice as great as that obtained for Cs2MgFe(CN)g, even
though M is divalent in both cases.24 Clearly, the unusually
strong M—N bond in Prussian Blues cannot be considered as
a strictly ionic interaction.

One possible explanation for the unusual strength of the
M-N bond in Prussian Blues is the presence of dr—p=* in-
tgraction between M and the N end of the cyanide moiety;
viz.

D, 22 -2

An M-N = interaction could explain the disparity in F*MN,MN
between Prussian Blues and Cs2MgFe(CN)s where no such
interaction is possible.

The estimated change for fcN in going to the Prussian Blue
lattice (Table III) lends support to such an M—N = interaction.
In going from Co(CN)¢3-(aq) to Cs2LiCo(CN)s, foN is es-
timated to increase ca. 0.1 mdyn/A (see above). The cor-
responding change in %oing from Fe(CN)g4~ to CsaMg-
Fe(CN)g, ca. 0.5 mdyn/A, is indicative of the stronger Mg-N
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o bond. If the M—N interaction is entirely a o-type bond, we
would expect fcN to increase even more for Mn3[Co-
(CN)s]2xH20, in view of the unusual strength of the Mn—N
bond. However, the estimated increase in fcN for Mns-
[Co(CN)6}2-xH20 is slightly Jess than that calculated for
Cs:MgFe(CN)s, indicating that the Mn—N bond is not strictly
a o interaction. That is, the increase in fcN resulting from
increased M-N ¢ bonding is offset by a decrease in fcN re-
sulting from Mn—-N =« bonding.25

The symmetry force constants estimated for the dehydrated
salt tell us something about how the bonding in the Prussian
Blue superlattice changes as water is removed. The symmetry
Mn-N constant needed to reproduce the frequency shifts
increases by ca. 0.24 mdyn/A indicating a significant increase
in the Mn—-N bond strength. This is expected since removal
of coordinated water should lead to a stronger Mn-N ¢ in-
teraction if the charge density on the Mn2+ is to be neutralized.
The above is also consistent with he observation that the lattice
constant for the manganese salt decreases significantly as water
is removed; the Mn—N bond length shortens with removal of
coordinated water.!8 As different o-donating molecules are
introduced into the lattice, for example, NH3, the Mn-N
interaction weakens, the observed C—N and Co-C stretching
frequencies decrease, and the cell size increases.

Speculation on Prussian and Turnbull’s Blues

The suggestion of M—N dx—p=™ interactions in Prussian
Blues is intriguing as it implies the existence of extended
overlap between metal sites via the 7* level on the CN- moiety.
It should be possible to induce electron transfer between metals
by means of a charge-transfer excitation. This may provide
an explanation for the conversion of ferroferricyanide,
Turnbull’s Blue, to ferriferrocyanide or Prussian Blue, viz.

-Felll_C-N-Fell- 224 [ elll_C-N-Fell-]* - —Fell-C-N-Felll-

Thus, it is possible that ferroferricyanide is converted to
ferriferrocyanide by an internal redox reaction induced by a
charge-transfer excitation without the need to invoke CN-
flipping, a mechanism which seems unreasonable in view of
the unusual strength of both the M'-C and M-N bonds.

The above, in conjunction with what we know of the packing
forces in cubic cyanides, provides a plausible explanation for
the subtle color difference between Turnbull’s and Prussian
Blues during the first 30 min after precipitation.26 In the case
of the Cs2LiM(CN)s salts, the strong Li-N interaction
dominates other interionic interactions and essentially de-
termines the packing in the cubic cell.? It is clear from the
intermolecular potentials,®7 the increased stability of the
dicesium lithium salts compared with the tripotassium salts,2’
and the unusually high thermal motion of the Cs atoms,? that
the Li-N interaction dominates packing. Furthermore, the
Li-N interaction is maximized when the M-C-N-Li
framework is linear.? Thus, the Li always occupies the 4b
position in order to maintain a linear M—C-N-Li framework;
the cesium does little more than occupy space.

These geometry considerations are even more important for
the Prussian Blues where the M-N interaction is roughly 4
times as great (see above). Thus, the counter transition metal
in Prussian Blues will always occupy the 4b position in the
Fm3m cell so as to maximize the M—-N bond strength. Asa
result, for those salts where the hexacyanide to counter
transition metal ratio is less than 1 (i.e., Mn3[Co(CN)s]2-
xH20) the hexacyanide moiety will only partially occupy the
4a position. When ferrous ion is brought into contact with
ferricyanide, we anticipate that Fell3[Felll(CN)¢]2:xH20 is
formed initially, if the precipitation is much faster than electron
transfer. Subsequent electron transfer would result in the
conversion of Fell3[Felli(CN)¢}2:xH20 to the more stable
ferriferrocyanide, FellFelll;[Fe!l(CN)s]2xH20, and not
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Prussian Blue, Felll4[Fell(CN)¢]3:xH20. Using the above
reasoning we predict a subtle, but discernible, difference
between Prussian and Turnbull’s Blues. In FellFelll[Fell-
(CN)6]2:xH20, the 4b position will be occupied by !/3 Fell
and 2/3 Felll while in Prussian Blue this site is fully occupied
by Felll, In both cases the 4a position is partially occupied
by [Fe(CN)s]4 ions; however, the multiplicity factors will be
different.

As both salts are Fm3m and nearly identical structurally,
it would be virtually impossible to distinguish the two using
x-ray diffraction. However, there should be a discernible
difference in Fe:C and Fe:N ratios. Unfortunately, there are
several problems inherent in distinguishing Prussian and
Turnbull’s Blues from analysis alone. If electron transfer
occurs rapidly, the conversion of Felll-C-N-Fell to Fell-
C-N-Felll may compete with precipitation leading to stoi-
chiometries between those of FellFelll;[Fell(CN)g]2xH20 and
Felll4[Fell(CN)¢]3-xH20. Equally important, carbon and
nitrogen analyses in the presence of iron are notoriously bad.
Therefore, the subtle difference between Prussian and
Turnbull’s Blues, from the standpoint of analysis, may have
been passed over.

The most compelling evidence for the claimed similarity of
Prussian and Turnbull’s Blues comes from Mossbauer
studies.28-3! The question which arises now is whether or not
Mossbauer studies could distinguish ferrous ion in the presence
of ferri ions and ferrocyanides. The answer is not clear-cut
inasmuch as the ferrous ion is in a strong field of isocyanides
(see above). Furthermore, the method of preparation of the
Turnbull’s Blue form may obscure the answer if redox is
competing with precipitation (see above) or if absorbed ions
collect on the surface of the precipitate.

It is interesting to speculate on the unusual properties of
a Prussian Blue type complex where the original and final
states of the internal redox reaction [M#+*—C-N-Mmn+ <«
ME-D+—C-N-Mn+1)+] are nearly equivalent in stability, For
such a system one might predict that interconversion could
be effected by subtle changes, such as substitution of a different
small molecule for water. This may explain the anomalous
reversible color change observed for cupric ferrocyanide when
exposed to ethanol; in air Cu2[Fe(CN)¢]-xH20 is brown while
in EtOH it turns blue. The color change may result from
partial conversion of (Cull-N-C-Fe!l) to (Cul-N-C-Felll)
induced by the substitution of EtOH for H20. Certainly, the
results reported here for the substitution of NH3 for H20 in
Cd3[Co(CN)e]2-xH20 show that the nature of the guest ligand
may perturb the Prussian Blue lattice dramatically.

Registry No. Cd3[Co(CN)s]2, 25359-19-7; Mn3[Co(CN)s]a2,
25868-32-0.
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The results of a !19Sn Mossbauer study of (CHz3)3Snl, CH3Snl3, (CsHs)3SnC), and CsHsSnCls are reported for the neat
compounds as well as for frozen solutions of these compounds in an inert solvent at liquid nitrogen temperature. The 1251
Mossbauer spectra of frozen solutions of the above two iodides in an inert solvent at hquld helium temperature are also
reported Molecular weight measurements indicate that the two iodides are monomers in solution. The combined study,
in which NMR coupling constants along with the Mossbauer spectra of two different atoms bonded to each other in the
same molecule are investigated, offers much more information than obtained from the study of only one atom in a molecule
and allows checks of consistency in interpretation not offered by investigations of a single atom. The 119Sn and 1291 Mossbauer
parameters are both used to test proposed interpretations of earlier results from 119Sn Mossbauer data alone which, in
order to account for a p- or d-orbital imbalance, have led to much speculation about the bonding in these compounds.
Furthermore, the results are used to show how and why the simple point-charge mode! is inadequate for interpretation
of the quadrupole splitting in the 1198n Mossbauer spectra of these compounds.

Introduction

In recent years, several different models have been proposed
to account for the origin of the quadrupole hyperfine inter-
action in 119Sn Mossbauer spectra. Some of these models
invoke only a p-orbital population imbalance,?-4 whereas in
other descriptions of the bonding, a d-orbital population
imbalance—arising from a pr—d~ bonding interaction—is
cited5-7 as being a major contributing factor to the magnitude
of the observed quadrupole splitting.

In order to examine in greater detail which of these models
(if any) do, in fact, lead to a self-consistent description of the
bonding in organotin compounds, a detailed study of me-
thyltin(IV) triiodide and trimethyltin(IV) iodide, as well as
some related molecules, was undertaken. These compounds
were chosen for several reasons: (a) they are symmetry related
in terms of a point-charge model calculation since they both
have C3y symmetry with the symmetry axis coincident with
the metal atom-unique ligand bond axis; (b) the 119Sn
quadrupole splitting is well resolved in both compounds; (¢)
it is possible to study the nature of the metal-ligand bonding
interaction by both '198n and 1291 Mossbauer effect spec-
troscopy, and thus the data extracted from one spectroscopic
study can be used to interpret the data extracted from the
other, and vice versa, thus leading ultimately to a self-consistent
description; and (d) these compounds have chemical properties
(e.g., stability, solubility in inert solvents, relative ease of
preparation and purification, etc.) which make them suitable
for such an investigation.

In addition to the Mossbauer data, it is also possible to gain
some insight into the nature of the metal-ligand interactions
via the tin-proton (Jisn-H and Jissn-H) coupling constant
extracted from nuclear magnetic resonance data, and such
information can be used to estimate the electron density at
the metal atom.8 The methyltin iodides have proton NMR
resonances which consist of a sharp singlet peak with sym-
metrical tin—proton coupling peaks on either side,

The third possible methyltin(IV) iodide, (CH3)2Snl2, was
not included in the present study since the absence of a
threefold symmetry axis in this compound makes the inter-
pretation of the 1!9Sn Mossbauer spectra considerably more -
complex, especially in the absence of detailed crystallographic
data related to bond angles and bond distances in this molecule.

Experimental Section

The 119Sn Mossbauer spectra were obtained using a constant-
acceleration spectrometer described earlier.? Spectrometer calibration
was determined using the four inner lines of the magnetically split
57Fe Mossbauer resonance in 0.8-mil NBS SRM standard iron foil
at room temperature.'® All !19Sn isomer shifts are reported with
respect to the center of a room-temperature BaSnO3 absorption
spectrum using the same Ba!19Sn0O3 Mossbauer source as employed
for the sample spectra.

Neat solid samples [e.g., CH3Snl3, (CsHs)3SnCl, etc.] were
supported between aluminum foils in a copper sample holder which
in turn was attached to the tail section of a standard liquid nitrogen
dewar mounted vertically, and the spectra were obtained in normal
transmission geometry. Neat liquids [(CH3)3Snl, CéHsSnCls] and
solutions of the compounds in n-butylbenzene were transferred by



