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Structures of Pd(CN)2 and Pt(CN)2: Intrinsically Nanocrystalline Materials?
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Analysis and modeling of X-ray and neutron Bragg and total diffraction data show that the compounds referred to in the
literature as “Pd(CN)2” and “Pt(CN)2” are nanocrystalline materials containing small sheets of vertex-sharing square-planar
M(CN)4 units, layered in a disorderedmanner with an intersheet separation of∼3.44 Å at 300 K. The small size of the crystal-
lites means that the sheets’ edges form a significant fraction of eachmaterial. The Pd(CN)2 nanocrystallites studied using total
neutron diffraction are terminated bywater and thePt(CN)2 nanocrystallites by ammonia, in place of half of the terminal cyanide
groups, thus maintaining charge neutrality. The neutron samples contain sheets of approximate dimensions 30 Å� 30 Å. For
sheets of the size we describe, our structural models predict compositions of Pd(CN)2 3 xH2O and Pt(CN)2 3 yNH3 (x≈ y≈
0.29). These values are in good agreement with those obtained from total neutron diffraction and thermal analysis, and are also
supported by infrared and Raman spectroscopy measurements. It is also possible to prepare related compounds Pd(CN)2 3
pNH3 and Pt(CN)2 3 qH2O, in which the terminating groups are exchanged. Additional samples showing sheet sizes in the
range∼10 Å� 10 Å (y∼ 0.67) to∼80 Å� 80 Å (p=q∼ 0.12), as determinedbyX-ray diffraction, havebeen prepared. The
relatedmixed-metal phase, Pd1/2Pt1/2(CN)2 3 qH2O (q∼0.50), is also nanocrystalline (sheet size∼15 Å� 15 Å). In all cases,
the interiors of the sheets are isostructural with those found in Ni(CN)2. Removal of the final traces of water or ammonia by
heating results in decomposition of the compounds to Pd and Pt metal, or in the case of the mixed-metal cyanide, the alloy,
Pd1/2Pt1/2, making it impossible to prepare the simple cyanides, Pd(CN)2, Pt(CN)2, or Pd1/2Pt1/2(CN)2, by this method.

Introduction

In contrast to many recent studies of nanomaterials, our
investigation of the structures of nanocrystalline Pd(CN)2 and
Pt(CN)2 was carried out by necessity rather than design. Our
initial aim was simply to confirm Pauling’s prediction in the
“The Nature of the Chemical Bond”1 that palladium cyanide,
and by implication platinum cyanide, has the layer structure
shown in Figure 1, based on square-planar Pd(CN)4 units
fused together to forma square net.Using total neutrondiffrac-
tion, we demonstrated recently that similar metal-cyanide
layers are found inNi(CN)2.

2 Inaddition, thedetailed structure
of the nickel-cyanide layers was determined and the relation-
ship between neighboring layers established.2,3 InNi(CN)2, the
near equality of theNi-C andNi-Nbond lengthsmeans that
it is impossible to ascertain using diffraction methods whether
there is any ordering of the CtN groups around the nickel
centers. In other cyanide materials, however, where additional

evidence is available, for example, from NMR studies of
Cd(CN)2

4 and AgCN,5 disorder of the cyanide groups about
the metal centers has been found, in contrast to the ordered
CtN arrangement suggested in Pauling’s model.
Our preliminary powder X-ray diffraction (XRD) experi-

ments on Pd(CN)2 and Pt(CN)2 showed that they are much
more highly disordered materials than Ni(CN)2, but never-
theless, we believed that using total neutron diffraction we
would proceed rapidly to a structural solution. In hindsight,
information in the literature should have warned us that the
problemmight bemore complex than we initially envisioned.
Both Pd(CN)2 and Pt(CN)2 are described as being difficult
to dry with water firmly bound within the structures, and
it is stated that the water cannot be completely removed
from the platinum-cyanide hydrate, Pt(CN)2 3 0.75H2O, to
formPt(CN)2without further decomposition.6 This behavior
contrasts with that of the nickel-cyanide hydrates, Ni(CN)2 3
nH2O (1< n< 3), which can be easily dehydrated to form
anhydrous Ni(CN)2.
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In this work, we prove that the basic structures of Pd(CN)2
and Pt(CN)2 are indeed layered and assembled from vertex-
sharing square-planar M(CN)4 units and determine the
detailed structures from total neutron diffraction. The X-ray
and neutron diffraction studies, carried out on dried commer-
cially supplied palladium cyanide (I) and platinum cyanide (II),
synthesized in-house by decomposition of (NH4)2[Pt(CN)4] 3
2H2O, also establishes that these materials are nanocrystalline
with sheet size∼30 Å� 30 Å. Palladium and platinum are four
coordinate, and charge neutrality in these nanocrystals is main-
tained by replacing half of the terminal CtN groups at the
corners and edges of the sheets by H2O or NH3 groups respec-
tively to yield compositions Pd(CN)2 3 xH2O (x=0.29) (I) and
Pt(CN)2 3 yNH3 (y=0.29) (II). Other routes to nanocrystalline
palladiumandplatinumcyanideswitha rangeof crystallite sizes
(IV-IX) are also reported. For palladium cyanide, these include
the thermal decomposition of cis-Pd(CN)2(NH3)2 and its reac-
tion with ethanoic acid, and for platinum cyanide, the reaction
of K2Pt(CN)4 with K2PtCl4 in aqueous solution. These meth-
ods yield Pd(CN)2 3 pNH3 (V, VI) and Pt(CN)2 3 qH2O (VIII),
demonstrating that it is possible toprepare ammonia- andwater-
terminatedmaterials for both palladium and platinum cyanide.
The smallest sheets prepared were∼10 Å� 10 Å for Pt(CN)2 3
qH2O (q=0.67) (VIII). The high q value is a result of the small
sheet size. Larger sized sheets of∼80 Å� 80 Å, were produced
for Pd(CN)2 3 xH2O (x=0.12) (IV) by annealing under hydro-
thermal conditions, and it was also possible to prepare amixed-
metal cyanide, Pd1/2Pt1/2(CN)2 3xH2O (x= 0.50) (IX).

Results and Discussion

X-ray Diffraction. Figure 2 shows the powder XRD
patterns for Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3

(II). The palladium and platinum cyanides are clearly much
less crystalline thanNi(CN)2.

2 Their powder patterns are not
suitable for structure determination as they only contain a
small numberof verybroadBragg reflections, indicatingvery
small crystallite sizes. However, the close resemblance of the
two patterns to each other suggests that the palladium and
platinum materials are isostructural. Considering the pro-
posed structure of the layer (Figure 1) and, by analogy with
the known tetragonal structure ofNi(CN)2, the first peak (2θ
∼18.3�, d∼ 4.84 Å) might be assigned as the (100) reflection.
For compounds (I) and (II) however, only two indices, (hk),
are required to index completely the diffraction patterns.
Unlike in the case of Ni(CN)2, there are no sharp intense

peaks corresponding to (00l ) reflections indicating that the
crystallite dimensions in the c direction must be very small.
There is thus no information obtainable from Bragg diffrac-
tion on the third dimension.
The Scherrer equation7 applied to the first reflection,

(10), yields sheet dimensions of ∼50 � 50 Å for both
Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II). The
results of the total neutron diffraction experiments are
required for a more detailed analysis of the layer struc-
ture and to obtainmore accurate sheet sizes bymodeling
the X-ray data (vide infra).

Neutron Diffraction. From the neutron diffraction experi-
ments at 10 K, the total pair correlation functions, T(r)exp
(Figure 3) for Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3

(II), were obtained by Fourier transformation of Qi(Q) to
generateD(r)exp, followedbyadditionof theaveragescattering
density.8 Maxima in T(r)exp correspond to frequently occur-
ring interatomic distances in the compounds, and, at low r,
can often be ascribed to “chemical bonds”.9 Thus in the
Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II) correla-
tion functions, thepeaks at∼1.15and∼1.98 Å correspond to
theCtNandM-C/Nbonddistances respectively.Theequal-
ity, or near equality, of theM-C andM-Nbond lengths is
not unexpected, as it has been observed in a number of other
metal cyanides, for example, in Ni(CN)2

3 and the group 11

Figure 1. Pauling’s proposed structure of a sheet of Pd(CN)2.
1

Figure 2. Powder XRD data for Pd(CN)2 3 0.29H2O (I) (blue) and
Pt(CN)2 3 0.29NH3 (II) (red) measured at room temperature.

Figure 3. Total correlation functions,T(r)exp, for Pd(CN)2 3 0.29H2O (I)
(blue) andPt(CN)2 3 0.29NH3 (II) (red) at 10K.The peaks at low r (<4 Å)
correspond to single correlations. (N.B. The peaks corresponding to the
CtN correlations in both compounds completely overlap). The intense
peak at∼5 Å yields the M 3 3 3Mdistance but also contains contributions
from other atom pairs.

(7) Klug, H. P.; Alexander, L. E. In X-Ray Diffraction Procedures for
Polycrystalline and Amorphous Materials, 2nd ed.; John Wiley & Sons Inc.:
New York, 1974; Chapter 9, p 687. The mean crystallite dimension, τ, in the direc-
tion corresponding to the reflection is given by τ = (Kλ)/β cos θ, where K is the shape
factor (taken as 0.9), λ is theX-raywavelength (1.54060Å),β is the line broadening at
half the maximum intensity (FWHM) in radians, and θ is the Bragg angle.
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(9) (a) Billinge, S. J. L.; Kanatzidis, M. G. Chem. Commun. 2004, 749. (b)
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9203.



106 Inorganic Chemistry, Vol. 50, No. 1, 2011 Hibble et al.

cyanides, CuCN,10 AgCN,11 and AuCN.12 It must be
emphasized that this information on bond lengths is
directly obtained and independent of any structural model.
The third peak, at∼2.80 Å in both cases, confirms that the
coordination geometry around palladium and platinum is
square planar and the fourth, at∼3.11 Å, that the sheets are
flat (Table 1) as predicted by Pauling,1 as found also in
Ni(CN)2.

2,3 The sharp peaks at ∼5.09 Å correspond to the
intralayer repeats, for example, Pd-(CN)-Pd in Figure 1.
The first Bragg peaks in the XRD patterns for both mate-
rials occur at d=∼4.8 Å rather than at 5.1 Å, as would be
the case if they were extended solids. This is consistent with
their nanocrystallinity as discussed in the X-ray Modeling
Section below.
Over the full T(r) range shown (Figure 3), the peaks in

both correlation functions occur at almost identical posi-
tions providing further confirmation that the twomaterials
are isostructural. The differences in peak intensities in the
two correlation functions arise because of the smaller
scattering length of palladium compared to platinum.
The intensities of peaks not involving metal atoms, for
example, the peak at∼1.15 Å due to the CtN correlations
in the two materials, are identical in the two T(r)exp plots.
The divergence of the plots on increasing r reflects the
different average scattering density of the two materials.
The troughs in T(r)exp at∼1 Å, just to the left of the peaks
due to CtN, and most evident in the platinum-cyanide
correlation function, arise from the O-H andN-H corre-
lations in palladium and platinum cyanides, respectively.

ModelingT(r)exp. (i). Bulk Structure of the Nanoparticles.
Having established the chemically expected regular square-
planar coordination around theM2þ ions, it is necessary to
model the structure at longer length scales to confirm un-
equivocally that Pauling’s sheetmodel is correct and also to
determine howneighboring sheets stack together.At higher
r, many correlations overlap inT(r)expmaking it impossible
to extract individual distances directly.However,T(r) can be
calculated for any structuralmodel and comparedwith that
obtained experimentally. It should be emphasized at this
point that total neutron diffraction is rather insensitive to
CtNorder/disorder in thepalladiumandplatinumcyanides

as a consequence of the equality of the M-C and M-N
bond lengths, and it is appropriate to use a pseudo atom, Z,
with a scattering length, bZ, equal to (0.5bCþ 0.5bN) in place
of distinct carbon or nitrogen atoms. The models we use are
crystallographic and require a set of lattice parameters, a
space group, and atomic coordinates. An individual sheet
has effective p4mm symmetry (plane group no. 11) if we
assume that C and N are indistinguishable and assume a
single M-Z bond distance. The sum of the bond lengths
(2rM-Zþ rCtN) obtained from the peaks at low r in T(r)exp
(Table 1) gives an effective lattice parameter, aT(r), from
which the fractional atomic coordinates, x and y, can be
derived. It should be noted that the value of aT(r) is always
larger than the corresponding rM 3 3 3Mvalue (Table 1) because
even at low temperatures, M-CN-M bending motions
draw the metal atoms closer together.
The interlayer separation was estimated from density

measurements to be ∼3.4 Å. This value agrees with that
obtained by scaling the interlayer separation found for
Ni(CN)2 using the ratio of rPt-Z/rNi-Z. Subsequent model-
ing of the correlation functions, T(r)exp, yielded final
values for the interlayer separations at 10 and 300 K of
3.40 and 3.44 Å for both Pd and Pt materials.
Plausibleways of stacking sheets togetherwhilst retaining

p4mm sheet symmetry were then explored. Models with
metal atoms stacked above each other, as in K2Pt(CN)4-
Br0.3 3 3H2O,13 did not reproduce T(r)exp well and were
rejected. Only models incorporating offset nearest neigh-
bor stacking arrangements of the type shown in Figure 4
produced satisfactory agreement with T(r)exp in each
case. These models, in spacegroups I41/amd and P42/mmc,

Table 1. Interatomic Distances Obtained from T(r)exp for Pd(CN)2 3 0.29H2O (I)
and Pt(CN)2 3 0.29NH3 (II)

†aT(r) = (2rM-Z þ rCtN).

Figure 4. (a) Portion of a Pd(CN)2 layer showing interatomic distances
calculated assuming p4mm symmetry and using the CtN and Pd-C/N
bond lengths taken from T(r)exp at 10 K (Key: Pd, purple spheres; C/N,
cyan spheres), (b) a projection showing how nearest-neighbor layers
(shown in red and blue) stack.

(10) Hibble, S. J.; Cheyne, S. M.; Hannon, A. C.; Eversfield, S. G. Inorg.
Chem. 2002, 41, 4990.

(11) (a) Hibble, S. J.; Cheyne, S. M.; Hannon, A. C.; Eversfield, S. G.
Inorg. Chem. 2002, 41, 1042. (b) Reckeweg, O.; Lind, C.; Simon, A.; DiSalvo,
F. J. Z. Naturforsch. 2003, B58, 155.

(12) Hibble, S. J.; Hannon, A. C.; Cheyne, S. M. Inorg. Chem. 2003, 42,
4724. (13) Heger, G.; Deiseroth, H. J.; Schulz, H. Acta Crystallogr. 1978, B34, 725.
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generate the same nearest-neighbor but different next-
nearest neighbor sheet offsets. There was no significant
difference in the agreement between T(r)exp and T(r)calc for
models in these two spacegroups even beyond r ∼6.8 Å
where small differences would begin to be apparent if these
were well-ordered crystalline materials because of the
different sheetpacking.However, there is a veryhighdegree
of interlayer disorder in the actual materials which is
reflected in the much higher root-mean-square displace-
ments needed to broaden the interlayer correlations than
are needed to broaden the intralayer (in sheet) correlations
(see Supporting Information). This difference is even more
pronounced than in the case of Ni(CN)2

2 and is consistent
with the fact that no information about the third dimension
is seen in theBragg diffraction patterns frompalladiumand
platinum cyanides in contrast to nickel cyanide.
The model in I41/amd was chosen because this requires

fewer sets of fractional coordinates to define the struc-
ture; namely, one for M and one for Z. Further details of
the modeling are given in the Supporting Information.
Figure 5 shows T(r)model plots calculated in spacegroup
I41/amd which reproduce T(r)exp well.

(ii). Edges of the Nanoparticles. One feature visible in
both T(r)exp plots for compounds (I) and (II), and not yet
accounted for, is a trough at∼1 Å. This feature must arise
from correlations involving hydrogen. Such correlations
produce troughs rather than peaks in the plots of T(r)exp
because hydrogen has a negative coherent scattering
length. This feature is more pronounced in the platinum-
cyanide case. On the basis of the relative intensities of these
features, these can be ascribed to N-H correlations from

NH3 groups in the platinum-cyanide case and to O-H
correlations from H2O in the palladium-cyanide case. The
ratio of the intensities of the troughs for equimolar amounts
of NH3 and H2O calculated from the coherent scatter-
ing lengths of the appropriate atoms, bc, and the number
of N-H and O-H correlations ((6bNbH)/4bObH)) is 2.42.
Figure 6a shows a portion of the low r region of T(r)exp,
together with calculations ofmodels of Pt(CN)2 3 yNH3with
(0.0e ye 0.3). The best agreement is for y≈ 0.30. The pre-
sence of NH3 groups also predicts that a small positive peak
arising from H 3 3 3H correlations in the molecule should
occur at 1.62 Å, which is indeed observed. The amounts of
water and ammonia in the two compounds are equal, and in
the case of Pd(CN)2 3xH2O (Figure 6b), x≈ 0.30 also gives a
good fit to T(r)exp. These x and y values are in good agree-
mentwith the thermogravimetric analysis for thesematerials
(Table 3). In line with the modeling of the X-ray data des-
cribed below, we assign the compositions of these materials
as Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II).
The presence of significant amounts of water and ammo-

nia in these palladium and platinum cyanides is a conse-
quence of their nanocrystalline nature. In nanocrystalline
materials, terminating groups represent a significant fraction
of the material composition. Water and ammonia play this

Figure 5. Experimental total pair correlation functions T(r)exp (red
crosses) and T(r)model (green line) for Pd(CN)2 (I) (top) and Pt(CN)2
(II) (bottom) at 10K. The difference plot, shown in pink, is shifted on the
vertical axis by-1.

Figure 6. (a) Modeling the low r region of T(r) for Pt(CN)2 3 yNH3.
T(r)exp (red crosses),T(r)model for y=0 (green line), andT(r)model for y=
0.1, 0.15, 0.20, 0.25, and 0.30 (black dotted curves, with y=0.30 reaching
the most negative value). (b) Modeling the low r region of T(r) for
Pd(CN)2 3xH2O. T(r)exp (red crosses), T(r)model for x = 0 (green line),
and T(r)model for x= 0.1, 0.15, 0.20, 0.25, and 0.30 (black dotted curves,
with x = 0.30 reaching the most negative value).
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role in these materials. Figure 7 shows the ultimate nano-
particles, Pd4(CN)8(H2O)4 and Pt4(CN)8(NH3)4, in which
four water or ammonia molecules are required to maintain
the square-planar coordination around the metal atoms
whilst achieving charge neutrality. The empirical formulae
of thesenanoparticles, Pd(CN)2 3 xH2OandPt(CN)2 3 yNH3,
have x=y=1. The sheet sizes of the nanoparticles with x=
y=0.29 clearlymust be larger than these. Table 2 shows how
x and y depend on the sheet size (in terms of both Pt-CN-
Pt or Pd-CN-Pd repeats and Å), assuming that both
charge neutrality and square-planar coordination around
Maremaintained.The further assumptionof square sheets
not only simplifies the table, but proves to be reasonable in
the X-ray modeling study. Using Table 2, sheet sizes of 30
Å� 30 Å (6� 6M-CN-Mrepeats) are obtained for both
Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II), which
are a little smaller than the crystallite sizes obtained from
the Scherrer equation (Table 3). The sheet sizes obtained
for Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II) de-
termined and derived using a variety of methods are given
in Table 3.

The correlation function, D(r)exp, further confirms the
small-sheet sizes of both palladium and platinum cya-
nides (Figure 8). No correlations are visible in D(r)exp
beyond ∼42 Å. Assuming this value corresponds to a
maximumM 3 3 3M distance across the sheet diagonal for
a square sheet, this gives a sheet edge of 42/

√
2 ≈ 30 Å,

that is, a sheet size of 30 Å � 30 Å. D(r)exp for Ni(CN)2,
also determined using data from the GEM diffractom-
eter2 (Figure 8), has correlations clearly visible even at
100 Å.Thishighlights thedifferencesbetweennanocrystalline
palladium and platinum cyanides, consisting of short stacks
of small sheets and disordered crystalline nickel cyanide, with
essentially the same structure, in which there are a greater
numberofmoreextensive (effectively infinite) sheetsper stack.

Modeling of X-ray Bragg Diffraction Data. X-ray
Bragg diffraction patterns were calculated using the

Table 2. Relationship Between Model Sheet Size and the Composition in Nanocrystalline Pd(CN)2 and Pt(CN)2, Together with the Calculated Ratio of Terminal:Bridging
Cyanide Groups

sheet sizea (Å � Å)

1 � 1 (5 � 5) 2 � 2 (10 � 10) 3 � 3 (15 � 15) 4 � 4 (20 � 20) 5 � 5 (25 � 25) 6 � 6 (30 � 30)

n for M(CN)2 3 nH2O and M(CN)2 3 nNH3 1.00 0.67 0.50 0.40 0.33 0.29

(no. terminal CN)/(no. bridging CN) 1 1/2 1/3 1/4 1/5 1/6

sheet sizea (Å � Å)

7 � 7 (35 � 35) 8 � 8 (40 � 40) 9 � 9 (45 � 45) 10 � 10 (50 � 50) 11 � 11 (55 � 55) 20 � 20 (100 � 100)

n for M(CN)2 3 nH2O and M(CN)2 3 nNH3 0.25 0.22 0.20 0.18 0.17 0.10

(no. terminal CN)/(no. bridging CN) 1/7 1/8 1/9 1/10 1/11 1/20

a Sheet size is expressed in terms of number of M-CN-M repeats and the corresponding length (assuming that the M-CN-M repeat is ∼5 Å).

Table 3. Sheet Sizes and Compositions for the Neutron Samples Pd(CN)2 3xH2O (I) and Pt(CN)2 3 yNH3(II) Determined and Derived by a Variety of Methodsa

Pd(CN)2 3xH2O (I) Pt(CN)2 3 yNH3(II)

experimental method x sheet size/Å � Å y sheet size/Å � Å

from width of (10) reflection in powder XRDb 0.18 50 � 50 0.15 60 � 60
from modeling powder XRDc 0.29 30 � 30 0.29 30 � 30
TGA>100 �C

d 0.29 30 � 30 0.22 40 � 40
modeling peak at ∼1 Å in T(r)exp 0.30 30 � 30 0.30 30 � 30
from longest-range correlations in D(r)e ∼0.29 ∼30 � 30 ∼0.29 ∼30 � 30

aExperimentally determined values are given in bold and derived ones in italics from information in Table 2. b Sheet size determined using the Scherrer
equation.7 cSheet size determined by comparison of the experimental powder XRD pattern with those calculated for a range of sheet sizes (Figure 9).
dComposition determined fromTGAusingweight loss at T>100 �C (see Supporting Information). eAssuming square sheets, each sheet edge is (longest
correlation)/

√
2 (Figure 8).

Figure 7. The ultimate nanoparticles, Pd4(CN)8(H2O)4 and Pt4(CN)8-
(NH3)4 with their corresponding empirical formulae.

Figure 8. Differential correlation function, D(r)exp, for Pt(CN)2 3
0.29NH3 (II) (red), Pd(CN)2 3 0.29H2O (I) (blue) (offset by 5 barns Å-2)
and Ni(CN)2 (green),

2 (offset by 10 barns Å-2).D(r)exp is also shown for
each compound with 5-fold magnification over the region 20-100 Å.
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DISCUS program14 for individual Pd(CN)2 and Pt(CN)2
square sheets with p4mm symmetry, but with differing
extents. In each case, theM 3 3 3Mdistance (i.e., M-CN-
M repeat) from T(r)exp was used as the lattice parameter
with the metal atomMplaced at the origin and atomZ at
(x, 0) so as to reproduce the M-Z distance determined
from the correlation function (Table 1). The modeling of
the X-ray data of platinum cyanide shows that the peak
positions, shapes, and widths all vary as a function of the
sheet extent (Figure 9). The shifts in peak positions, at
first sight a deviation from Bragg’s Law, is a consequence
of the small extent of the sheets. Such behavior has been
observed previously, for example, in the classic paper by
Warren15 and more recently in turbostratic carbon.16

These papers also show how peak shapes vary with the
dimensions of the crystallites. A comparison of the ex-
perimental pattern for Pt(CN)2 3 0.29NH3 (II) with the
calculated patterns shows that the sheets sizes must lie in
the range 25 Å � 25 Å to 35 Å � 35 Å (Figure 10). The
calculated diffraction pattern shown in Figure 10c with a
30 Å � 30 Å (6 � 6 Pt-CN-Pt repeats) sheet size, not
only has the overall appearance of the experimental
pattern, but correctly predicts the position of the first
peak at ∼18.3� 2θ. This sheet size is in good agreement

with the sizes obtained using other methods (Table 3). In
an infinite solid, the first peak, corresponding to the (10)
reflection, would occur at 5.0709 Å, the Pt 3 3 3Pt distance
(Table 1), whereas in Pt(CN)2 3 0.29NH3(II), the d-spacing
is 4.84 Å because of the small crystallite size. The simula-
tions for palladium cyanide (Supporting Information,
Figure S.4) show similar behavior, also yielding a sheet
size of 30 Å � 30 Å for Pd(CN)2 3 0.29H2O (I). Remark-
ably, these two-dimensional models can account for the
experimental XRD patterns and no (00l ) or (hkl ) reflec-
tions are observed. This behavior is consistent with the
high degree of disorder as seen in the interlayer correla-
tions determined from the total neutron diffraction study.
In contrast, in the X-ray pattern of Ni(CN)2, the inter-
layer reflections are very sharp indicating that hundreds,
if not thousands, of sheets are stacked together.2,3

Further Syntheses of Nanocrystalline Materials. Addi-
tional nanocrystalline palladium and platinum cyanides
were prepared (IV)-(IX) including examples in which the
terminating groups were varied; that is, palladium-cyanide
nanoparticles terminated by ammonia, Pd(CN)2 3 pNH3,
and platinum-cyanide nanoparticles terminated bywater,
Pt(CN)2 3 qH2O (Table 4). Rational syntheses of Pd(CN)2 3
pNH3 and Pt(CN)2 3 yNH3 were achieved by heating the
crystalline precursors, cis-Pd(CN)2(NH3)2 and cis-Pt(CN)2-
(NH3)2, which have ammonia and cyanide already attached
to the metal centers. The synthetic method used to prepare
Pt(CN)2 3 qH2O, involving the reaction of Pt(CN)4

2- and
PtCl4

2-,was easilymodified toproduceamixedpalladium-
platinum cyanide, Pd1/2Pt1/2(CN)2 3 0.50H2O by replacing
Pt(CN)4

2- by Pd(CN)4
2-. The sheet sizes for compounds

(V)-(IX), as determined by X-ray modeling and the Scher-
rer equation, were smaller than those found for the neutron
samples (I) and (II) andare in reasonable agreementwith the
p and q values determined from thermogravimetric analysis
(TGA) (Table 4). The smallest sheet size produced was
10 Å � 10 Å in Pt(CN)2 3 0.67H2O (VIII), which clearly
shows much broader reflections in the XRD pattern com-
pared toPt(CN)2 3 0.29NH3 (II) (Figure 11). The sheet, com-
pletewith terminatingwatermolecules, is shown inFigure 12.
Attempts toproducehighly crystallinePd(CN)2andPt(CN)2
by heating nanocrystalline samples in an autoclave in
water with a small amount of KCN, to act as a mineral-
izer, were not successful. This hydrothermal treatment of
palladiumcyanide producedPd(CN)2 3 0.12H2O (IV), which
shows only amoderate increase in sheet size, determined from
X-ray modeling as 80 Å� 80 Å, and the onset of interlayer
ordering (Supporting Information, Figure S5). In the beha-
vior of the shift in the position of the (10) peak as a function
of peakwidth (Figure 13), the compounds (I)-(IX) all lie on
a commoncurve reinforcing the idea that they forma family.

Vibrational Spectra. The vibrational spectra of the palla-
dium and platinum cyanide materials provide supporting
information on the sheet sizes and their terminating groups
(Figures 14, 15 and 16). Coordinated ammonia and water
both show vibrations at ∼1600 cm-1 in the IR correspond-
ing to δas(NH3) and δ(OH2) respectively, but they can be
distinguished because the ammonia-containing compounds
show an additional vibration, δs(NH3), in the region 1200-
1300 cm-1. Our models for nanocrystalline palladium and
platinum cyanides, which are of finite extent, predict the
presence of two types of cyanide group, namely, bridging
and terminal, as illustrated in Figure 12: only bridging

Figure 9. Calculated XRD patterns for Pt(CN)2 sheets with sheet sizes
varying from(a) 5 Å� 5 Å (1� 1Pt-CN-Pt repeat unit) to (j) 50 Å� 50 Å
(10� 10 Pt-CN-Pt repeat units) in increments of 5 Å � 5 Å.

Figure 10. Experimental XRD pattern of (a) Pt(CN)2 3 0.29NH3 (II)
compared to calculated patterns for Pt(CN)2 sheets with sheets sizes of
(b) 25 Å � 25 Å, (c) 30 Å � 30 Å, and (d) 35 Å � 35 Å.

(14) Proffen, T.; Neder, R. B. J. Appl. Crystallogr. 1997, 30, 171.
(15) Warren, B. E. Phys. Rev. 1941, 59, 693.
(16) Fujimoto, H. Carbon 2003, 41, 1585.
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cyanideswouldoccur if the sheetswereof infinite extent.The
two types can indeed be distinguished in the IR spectra as
υ(CN)bridging modes occur at∼2220 cm-1 and υ(CN)terminal

modes at∼2160 cm-1.The latter have stretching frequencies
close to those found in the [M(CN)4]

2- ions17 and in cis-
M(CN)2(NH3)2 (M= Pd (Figure 15),18 Pt19). On decreas-
ing the sheet size, the relative absorbance of the terminal to
bridging υ(CN) modes increases, as predicted in Table 2.
This is most clearly seen in Figure 14 for Pd(CN)2 3 0.29H2O
(I) and Pt(CN)2 3 0.67H2O (VIII) which have sheet sizes of
30 Å� 30 Å and 10 Å� 10 Å, respectively. That the number
of terminalwater groups increases as the sheet size is reduced
can also be seen from the change in relative absorbance of
the δ(OH2) to υ(CN)bridging modes.
The Raman spectra, although rather insensitive to vibra-

tions involving ammonia and water, are consistent with the
aboveobservationsand interpretation.Bothυ(CN)bridging and
υ(CN)terminal modes can be seen (Figure 16), and changes in
their relative intensities again reflect changes in the sheet sizes.
Theratioof thepeaks intensitiesofυ(CN)terminal:υ(CN)bridging

modes is however lower in theRaman than the IR spectra. In
Pd(CN)2 3 0.29H2O(I), there are twoυ(CN)bridging frequencies
observed in the Raman spectrum. These, together with the

Table 4. Summary of Nanocrystalline Palladium and Platinum Cyanides, M(CN)2 3 nH2O and M(CN)2 3 nNH3, Together with Their Corresponding Sheet Sizes and
Compositions

sample (origin) terminal groups sheet size/Å � Å nderived nTGA
c

I Pd(CN)2 3 nH2O (neutron sample) H2O 30 � 30a 0.29a
0.2950 � 50b 0.18b

II Pt(CN)2 3 nNH3 (neutron sample) NH3 30 � 30a 0.29a
0.2760 � 60b 0.15b

III Pd(CN)2 3 nH2O (Aldrich as purchased) H2O 30 � 30a 0.29a
0.4450 � 50b 0.18b

IV Pd(CN)2 3 nH2O (hydrothermally treated (III)) H2O 80 � 80a 0.12a
0.1990 � 90b 0.11b

V Pd(CN)2 3 nNH3 (heated cis-Pd(CN)2(NH3)2) NH3 20 � 20a 0.40a
0.4030 � 30b 0.29b

VI Pd(CN)2 3 nNH3 (cis-Pd(CN)2(NH3)2 þ AcOH) NH3 25 � 25a 0.33a
N/Ad

40 � 40b 0.22b

VII Pt(CN)2 3 nNH3 (heated cis-Pt(CN)2(NH3)2) NH3 15 � 15a 0.50a
N/A25 � 25b 0.33b

VIII Pt(CN)2 3 nH2O (precipitate from K2Pt(CN)4 þ K2PtCl4) H2O 10 � 10a 0.67a
0.5720 � 20b 0.40b

IX Pd1/2Pt1/2(CN)2 3 nH2O (precipitate from K2Pd(CN)4 þ K2PtCl4) H2O 15 � 15a 0.50a
0.3030 � 30b 0.29b

a Sheet size determined from X-ray modeling with composition derived from Table 2. b Sheet size determined from Scherrer eqn7 with composition
derived fromTable 2. cComposition determined from thermogravimetric analysis. d Sample contained acetic acid impurity so nwas not determined from
thermogravimetric analysis.

Figure 11. Experimental XRD patterns of (a) Pt(CN)2 3 0.67H2O (VIII) (sheet size 10 Å� 10 Å) and (b) Pt(CN)2 3 0.29NH3 (II) (sheet size 30 Å� 30 Å).

Figure 12. Nanosheet of 10 Å � 10 Å (2 � 2 Pt-CN-Pt repeat units)
found in Pt(CN)2 3 0.67H2O (VIII) with water molecules as sheet-termi-
nating groups.

(17) Kubas, G. J.; Jones, L. H. Inorg. Chem. 1974, 13, 2816.
(18) �Soptrajanova, L.; �Soptrajanova, B.; Jovanovski, G. J. Mol. Struct.

1986, 142, 63.
(19) Kharitonov, Y. Y.; Evstafeva, O. N.; Baranovskii, I. B.; Mazo, G. Y.

Russ. J. Inorg. Chem. 1969, 14, 248.
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single non-coincident υ(CN)bridging peak in the IR spectrum,
reflect the square-planar coordination around the metal
centers in the interior of the sheet. In the Raman spectrum
ofPt(CN)2 3 0.67H2O(VIII), thedifferentυ(CN)bridgingmodes
are not fully resolved. We ascribe this to an increase in the
widths of the peaks due to the reduced sheet size.

Electron Microscopy Studies. Electron microscopy
studies proved difficult because of the beam sensitivity
of the samples. Exposure to the electron beam rapidly led
to decomposition and production of metallic palladium

or platinum. Supporting Information, Figure S14 shows an
image in which small palladium particles in a sample of
Pd(CN)2.0.33NH3 (VI) identified by the fringe spacing of
2.2 Å, are seen. The size of the palladium particles, ∼20 to
30 Å, gives indirect evidence of the size of the palladium cya-
nide particles fromwhich they originated (∼25 Å). Figure 17
shows an image of an agglomeration of Pt(CN)2 3 0.67H2O
(VIII) particles, together with the corresponding diffraction
pattern generated by Fourier transformation. The Fourier
transform reveals a periodicity of 4.7 Å, consistent with the
position of the first peak, the (10) reflection, observed in the
XRDpattern inFigure11a, confirming that in thisparticular
case, the sample has not decomposed but the imaged sample

Figure 13. Measured shift in the (10) peaks in the powderXRDpatterns
for compounds (I)-(IX) (as defined in Table 4) from those calculated for
the theoretical infinite M(CN)2 sheets (M= Pd, Pt) as a function of the
peak width (i.e., a measure of the particle size). The solid line is an aid to
the eye. The sheet sizes are as follows: (IV): 80 Å� 80 Å; (I)-(III): 30 Å�
30 Å; (VI): 25 Å� 25 Å; (V): 20 Å� 20 Å; (VII) and (IX): 15 Å� 15 Å;
(VIII): 10 Å � 10 Å.

Figure 14. Infrared spectra of (a) Pd(CN)2 3 0.29H2O (I) and (b) Pt-
(CN)2 3 0.67H2O (VIII).

Figure 15. Infrared spectra of (a) cis-Pd(CN)2(NH3)2, (b) Pd(CN)2 3
0.40NH3 (V), and (c) Pt(CN)2 3 0.29NH3(II).

Figure 16. Raman spectra of (a) Pd(CN)2 3 0.29H2O (I) and (b) Pt-
(CN)2 3 0.67H2O (VIII).

Figure 17. High resolution TEM image of an agglomeration of Pt-
(CN)2 3 0.67H2O (VIII) particles. Inset shows the diffraction pattern
generated by Fourier transformation of the image in the square bounded
by the white lines. The diffraction pattern ring at 0.21 Å-1 shows a
periodicity of 4.7 Å in the image.

Figure 18. Distortion of the M(CN)2 sheet on heating leading to a
decrease in the M 3 3 3M distances and 2-D negative thermal expansion
(2D-NTE) within the sheet.
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is platinum cyanide. Unfortunately, the square particles
anticipated from our other studies are not seen as individual
entities. However, the image and electron diffraction pattern
are consistent with the information on crystallite size ob-
tained using other methods.

Conclusions

Palladium and platinum cyanides have turned out not to
be simple extended solids, aswas originally envisaged, but are
nanocrystalline materials consisting of small sheets of vertex
sharing square-planar M(CN)4 units of sheet sizes ranging
from 10 Å� 10 Å to 80 Å� 80 Å. It has proved possible not
only to determine the structure of the interior of the sheets,
but also to show how charge neutrality can be maintained by
incorporating either water or ammonia molecules in some of
the terminal positions. Thus we are now in a position to
represent the structures of palladium and platinum cyanides
as large molecules (Figure 12).We would expect from our pre-
viousworkonnickel cyanide toobserve two-dimensional (2-D)
negative thermal expansion (NTE) in palladium and platinum
cyanides.This is indeed the case:Ra

20 has values of-8.05�10-6

and-5.30�10-6 K-1 for compounds (I) and (II), comparable
with Ra=-6.5(1)�10-6 K-1 for Ni(CN)2.

2 These materials
provide an opportunity to study effects such as NTE in the
crossover regime between large molecules and extended solids.
Figure 18 showsoneof the types ofmotions likely to be respon-
sible for the NTE effect seen in these materials.
It can now be seen why it has taken so long to verify that

Pauling’s proposed structure for palladium and platinum cya-
nides is essentially correct. The materials studied to date,
including those examined in this work, aremore complex than
originally assumed. They are in fact not stoichiometric Pd-
(CN)2 or Pt(CN)2, but always contain ammonia or water
molecules at the edges of nanosheets. Using the range of
techniques employed in this paper however, we have been
able to showhowandwhy thesemolecules are bound.Wehave
been able to vary the sizes of the nanosheets within limited
bounds, and our next goal is to extend both the chemistry and
size of the sheets.

Experimental Section

All samples were characterized using powder XRD, IR,
and Raman spectroscopy and thermogravimetric and differ-
ential thermal analysis.PowderXRDdatawere collectedusing
a Bruker D8 Advanced diffractometer (Cu-KR1 radiation)
operating in Bragg-Brentano geometry with a Lynx-Eye
detector. IR andRaman spectrawere collected fromundiluted
powders using a Perkin-Elmer spectrum 100 FT-IR spectro-
meter with a Universal Attenuated Total Reflection sampling
accessory and aRenishaw InVia Ramanmicroscope (λ=532
or 785 nm), respectively. Thermal analyses were performed
under dryN2 using a TAQ600 STD simultaneous TGA/DTA
instrument at a heating rate of 1 �C min-1. Small samples
weredecomposed tometal andcyanogengas, typicallyover the
temperature range 20-600 �C. Single-crystal X-ray structure
determinationswere carried out using aGemini SUltra diffrac-
tometer (graphite-monochromated Mo-KR radiation). Den-
sities were measured using a QuantachromeMicropycnometer
at roomtemperature.Transmissionelectronmicroscopystudies
were performed using a JEOL2010 electronmicroscope,with a
point resolutionof 0.19nm,operatingatanacceleratingvoltage

of 200 kV. Specimens were prepared by dispersing the samples
in chloroformanddepositingonto holey carbon films.As far as
possible, exposure of the specimens to an intense electron beam
was avoided, to minimize beam damage, but this still proved
problematical with samples decomposing to form the metal.

Sample Preparation. Caution! Cyanide materials are toxic and
must be handled with care, particularly when gram quantities, which
are required for neutron scattering studies, are being prepared.

Palladium and PlatinumCyanides for Neutron Studies, Pd(CN)2 3
xH2OandPt(CN)2 3 yNH3. Pd(CN)2 3 0.29H2O (I).Asample pur-
chased as Pd(CN)2 from Aldrich (6 g) as an off-white powder (III)
was dried under vacuum at 120 �C for 3 h to produce (I) (Figure 2).
The IR spectrum (Figure 14) showed the presence of water in the
material. The neutron analysis results, supported by thermal anal-
ysis, gave the composition of the dried sample (I) as Pd(CN)2 3
0.29H2O (Tables 3 and 4, Supporting Information, Figure S7). The
pycnometrically measured density was 2.81 g cm-3.

IR (Figure 14): υ(OH) 3165 (vvw, v broad); υ(CN) 2220(s),
2164(w); δ(OH2) 1623(w), F(OH2) 1040 (vvw, broad); υ(PdC,
PdN) 554(s) cm-1.

Raman (Figure 16):υ(CN) 2240(s), 2224(s), 2153(vw);υ(PdC,
PdN) 565(vw), 468(vw); low frequency bends: 360(vw), 322(vw),
231(vw) cm-1.

Pt(CN)2 3 0.29NH3 (II). (II) was prepared as a yellow powder by
decomposition of (NH4)2Pt(CN)4 3 2H2O at 300 �C under vacuum
for 17 h.21 The ammonium salt was first prepared by mixing
solutions of BaPt(CN)4 3 2.6H2O (Aldrich) (7.3875 g, 15.28 mmol)
in H2O (110 mL) and (NH4)2SO4 (2.2363 g, 16.92 mmol) in H2O
(10 mL) at room temperature. The immediate precipitate, BaSO4,
was filtered off, and the remaining solution allowed to evaporate
almost to dryness at room temperature over a few days to produce
bright yellow crystals of (NH4)2Pt(CN)4 3 2H2O (lattice parameters
at 150 K: a=6.502(3), b=14.508(1), c=11.070(1) Å; spacegroup
Pna21) contaminated with (NH4)2SO4. The ammonium sulfate in
the solidwas removed by sublimation during the decomposition of
the ammonium palatinate to form compound (II) (Figure 2). The
IR spectrum (Figure 15) showed the presence of ammonia in the
material. Analysis of the neutron data, together with thermal
analysis (Supporting Information, Figure S8), gave the composi-
tion of the sample as Pt(CN)2 3 0.29NH3. The pycnometrically
measured density was 4.32 g cm-3.

IR (Figure 15): υ(NH) 3200 (vw, v broad); υ(CN) 2217(s),
2158(m); δas(NH3) 1675(w), 1625(w); δs(NH3) 1322(w) cm

-1.
Raman: not collected, sample fluoresced.

Palladium Cyanides, Pd(CN)2 3 xH2O and Pd(CN)2 3 pNH3. Pd-
(CN)2 3 xH2O (III) and (IV). The effect of hydrothermal treat-
ment on the particle size of Pd(CN)2 3 xH2O was investigated.
Pd(CN)2 from Aldrich (0.0311 g, 0.1962 mmol) (III) was heated
in an autoclave with H2O (5 mL) in the presence of a small
quantity ofKCN (0.0056 g, 0.086mmol), to act as amineralizer,
at 150 �C for 4 weeks. The powder XRD pattern of the product
(IV) showed some sharpening of the peaks (Supporting Infor-
mation, Figure S5), consistent with an increase in sheet size from
30 Å � 30 Å to 80 Å � 80 Å (Table 4). TGA data are shown in
Supporting Information, Figures S9 and S10, respectively.

(III) IR: υ(CN) 2217(s), 2165(w); δ(OH2) 1622(w); F(OH2)
1037(w, broad); υ(PdC, PdN) 550(s) cm-1.

(III) Raman: υ(CN) 2238(s), 2224(s); υ(PdC, PdN) 558 (vvw),
470(vvw); low frequency bend: 362(vvw) cm-1.

(IV) IR: υ(OH) 3350 (vw, v broad); υ(CN) 2234(s), 2220(s),
2154(w); δ(OH2) 1623(w); F(OH2) 1030(vvw, broad); υ(PdC,
PdN) 550(s) cm-1.

cis-Pd(CN)2(NH3)2 was prepared for use as a crystalline
precursor to Pd(CN)2 3 pNH3 by dissolving Pd(CN)2 (Aldrich)
(0.1572 g, 0.9921 mmol) in aqueous NH3 (35%, 50 mL). After
3 days, crystals in the form of colorless needles grew in the
solution. The crystals were filtered off and allowed to dry in air.(20) Coefficient of thermal expansion for a parameter l is given byRl=(lT

- l0)/l0(T - T0), where lT is the parameter l at temperature T and l0 is the
parameter l at T0. (21) Gr€unberg, A. Izv. Inst. Izuch. Platiny 1928, 6, 155.
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A full structure determination confirmed that the crystals were
cis-Pd(CN)2(NH3)2 (lattice parameters at 150 K: a=6.7416(3),
b=12.6824(4), c=6.7431(3) Å; β=110.675(5)�; spacegroup
P21/n)

22 and the IR spectrum was in close agreement with that
reported by �Soptrajanova et al.18

IR (Figure 15): υ(NH) 3344(m), 3306(m), 3252(m), 3177(m);
υ(CN) 2143(m), 2133(s); δas(NH3) 1629(s), 1592(w); δs(NH3)
1288(s), 1284(s), 1271(s); F(NH3) 805(m), 760(m), 727(s),
710(s) cm-1.

Raman:υ(CN) 2146(s), 2135(mw);δs(NH3) 1284(vw), 1267(vw),
1099(vw, broad); υ(PdC, PdN) 489(vw), 469(mw), 435(vw),
414(vvw), 399(vw); low frequency bends: 378(vvw), 263(w),
150(w) cm-1.

Pd(CN)2 3 pNH3 (V) and (VI). (V) and (VI) were prepared
from cis-Pd(CN)2(NH3)2 by two methods:
(a) Heating crystals of cis-Pd(CN)2(NH3)2 under nitrogen in the

thermogravimetric apparatus from 20 to 200 �C led to the
evolution of ammonia and the formation of nanocrys-
talline Pd(CN)2.0.40NH3 (Table 4, Supporting Information,
Figure S11) (V).
IR (Figure 15):υ(NH) 3326(w), 3243(w), 3144(w); υ(CN)

2205(s), 2154(m); δas(NH3) 1609(m); δs(NH3) 1270(ms);
υ(PdC, PdN) 696(m) cm-1.
Raman: υ(NH) 3271(w), 3190(w); υ(CN) 2217(s),

2154(w); δs(NH3) 1296(w); υ(PdC, PdN) 559(w), 495(mw),
471(mw); low frequency bend: 361(w) cm-1.

(b) Crystals of cis-Pd(CN)2(NH3)2 (0.0415 g, 0.2155 mmol)
were added to aqueous CH3CO2H (10 mL, 1.5 M) and left
for 15 weeks.23 A powder XRD pattern showed that the
white product, which retained the morphology of the
original needles, was nanocrystalline. The sheet size, as
determined by the X-ray modeling (Table 4), corresponds
to the composition Pd(CN)2.0.33NH3 (VI). The IR spec-
trum showed that the product contained peaks correspond-
ing to acetic acid impurity and hence the composition was
not determined by thermal analysis.
IR: υ(NH) 3050(w, v broad); υ(CN) 2213(s), 2159(m);

δas(NH3) 1618(w); δs(NH3) 1272(w) cm-1. (Note: addi-
tional peaks due to acetic acid have been omitted).
Raman: υ(CN) 2222(s), 2158(w); υ(PdC, PdN) 565(w),

495(vw),471(w); lowfrequencybends:359(vw), 238(vw) cm-1.

Platinum Cyanides, Pt(CN)2 3 qH2O and Pt(CN)2 3 yNH3. Pt-
(CN)2 3 0.50NH3 (VII). (VII) was prepared as an orange-brown
solid byheating the solidproducedby the evaporationof a solution
of Pt(CN)2 (Aldrich, 0.2463 g, 0.9967 mmol) in aqueous NH3

(35%, 50 mL) under N2 to 240 �C. The composition given is that
corresponding to the sheet size of 15 Å � 15 Å, as determined by
the X-ray modeling (Table 4).

Pt(CN)2 3 0.67H2O (VIII). (VIII) was prepared by adding a
solution ofK2Pt(CN)4 (0.1887 g, 0.5001mmol, in 5mLwater) to
a solution of K2PtCl4 (0.2078 g, 0.5006 mmol, in 5 mLwater). A
yellow-brown gel formed over a period of two to three weeks.
This was repeatedly washedwithwater and allowed to dry in air.
The reflections in the powder XRD pattern were very broad
(Figure 11), consistent with the very small sheet size, 10 Å� 10 Å,
of this sample (Table 4). TGA data are shown in Supporting
Information, Figure S12.

IR (Figure 14): υ(OH) 3440(w, v broad); υ(CN) 2201(s),
2152(s); δ(OH2) 1611(w) cm

-1.
Raman (Figure 16): υ(CN) 2216(vs), 2151(w); υ(PtC, PtN)

616(w, broad), 504(w), 477(w); low frequency bend: 357(w) cm-1.

Mixed Palladium-Platinum Cyanide, Pd1/2Pt1/2(CN)2 3
xH2O. Pd1/2Pt1/2(CN)2 3 0.50H2O (IX). (IX), a nanocrystalline
mixed palladium-platinum cyanide, was prepared by adding a
solutionofK2Pd(CN)4 (0.1447 g, 0.5012mmol, in 5mLwater) to a

solution of K2PtCl4 (0.2078 g, 0.5006 mmol, in 5 mL water). A
cream powder formed over a period of 6 to 8 weeks. This was
filtered, repeatedly washed with water, and allowed to dry in air.
The powder XRD pattern is given in Supporting Information,
Figure S.6. Thermogravimetric analysis gave the composition
as Pd1/2Pt1/2(CN)2 3 0.39H2O (Table 4, Supporting Information,
Figure S13), in reasonable agreement with the composition deter-
mined from the X-ray modeling. The powder XRD pattern of the
final product after heating could be indexed on the basis of a cubic
unit cell with lattice parameter a=3.9036(2) Å, in excellent agree-
ment with the value of 3.903 Å found for the alloy Pd1/2Pt1/2.

24

IR: υ(OH) 3400(w, very broad); υ(CN) 2202(s), 2150(m);
δ(OH2) 1614(m); F(OH2) 1089(w, broad) cm

-1.
Raman: υ(CN) 2219(vs), 2151(w); υ(Pd/PtC, Pd/PtN) 598(w,

broad), 472(w); low frequency bend: 348(w) cm-1.

Neutron Diffraction Experiments. Time-of-flight powder
neutron diffraction intensities were measured at 10 and 300 K
for Pd(CN)2 3 0.29H2O (I) and Pt(CN)2 3 0.29NH3 (II) on the
GEM diffractometer25 at the ISIS Facility, Rutherford Apple-
ton Laboratory, Chilton, Didcot, U.K. Samples of Pd(CN)2.-
0.29H2O (I) (5.0051 g) and Pt(CN)2 3 0.29NH3 (II) (3.6740 g)
were loaded into cylindrical 11 mm diameter drawn vanadium
cans, under argon, in a glovebox.

The packing density of each sample, as used in the data
correction routines, was determined from the sample depth
and can diameter. Background runs were collected on the empty
can and empty spectrometer and absolute normalization data
were collected for a standard vanadium rod.

Analysis of Neutron Diffraction Data. The total neutron
diffraction data were obtained from four detector banks
(banks 2, 3, 4, 5 at average scattering angles of 17.3, 34.3,
61.7, and 91.8�). Correction for multiple scattering, attenuation,
and inelasticity, and normalization to absolute scattering units was
performed using the ATLAS26 and GUDRUN27 suites of pro-
grams (see Supporting Information). The presence of hydrogen in
both palladium and platinum samples was evident from the
variation of the total scattering as a function of scattering angle.
The hydrogen content of the palladium samplewas estimated to be
∼2/3 that of the platinum sample per M(CN)2 formula unit. The
contribution from the incoherent scattering due to hydrogen was
then removed by subtracting a linear term to ensure that the total
scattering oscillated about the calculated self-scattering. The cor-
rected and normalized data from the four detector banks were
merged in each case to yield an interference function,Qi(Q) (Sup-
porting Information, Figure S1), which covered the Q range
0.8-44 Å-1, and this was then extrapolated to Q = 0 Å-1.
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