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Effect of Zn Substitution on the Crystal Table 1. Crystallographic Data for (NP[Cu[Zn](Dz0)s](SOx). at
Structure of (ND4)2[Cu[Zn](D 20)el(SOx)2 298 K
Zn=0.2% Zn=05% 2Zn=13% Zn=3.4%
Charles Simmons,*' Michael A. Hitchman,* * formula DaoCUN014S,
Horst Stratemeier,* and Tim Astley* Fu 421.7
o ) ] ) . ) space group P2,/a (monoclinic)
Division of Natural Sciences, University of Hawaii at Hilo, a(A) 9.293(4) 9.281(6) 9.279(8)  9.208(6)
200 West Kawili Street, Hilo, Hawaii 96720-4091, and b (A) 12.5051(5) 12.4999(8) 12.492(1) 12.4027(8)
School of Chemistry, University of Tasmania, Box 252-75, ¢ (A) 6.194(1) 6.200(2) 6.208(2)  6.274(2)
Hobart, Tasmania 7001, Australia f (deg) 106.35(3) 106.36(4) 106.38(5) 106.22(4)
V (A3 690.7(3) 690.2(5) 690.4(7)  687.9(5)
. Z 2
Receied March 28, 2000 Deac (g c9) 193
. u(cm) 20
Introduction radiation Mo Koo
R .027 .02 .027 .04
The Tutton salts of the general formuldA#" (H0)e](SOs)2 R, 8_836 8.832 8_833 8_84(7)

provide a convenient group of compounds for investigating the

influence of crystal environments upon the electronic and

geometric properties of hexahydrate complexes. The ammonium
copper(ll) Tutton salt is especially interesting because it exists
in two distinct forms. When deuterated, it adopts a structure

(form A) in which the long axis of the distorted CufD)s?"

2R = X||Fo| — [Fell/Z[Fol. * Ry = [IW(|Fo| — [Fel)/Zw|Fol % w
(weight) = [o(Fo)] 2

similar to that of the application of pressure on deuterated
ammonium copper(ll) sulfate. This raises the possibility that
A . the replacement of Cti with Zn?* ions might cause a structural
cation is directed to the pair of O(8) water moleculeghereas switch for (ND.)o[Cu(D:0)e](SOx)» also, and to investigate this,

in the hydrogenous salt (form B), this direction is to the O(7) we have prepared several compounds in which small proportions
pair of water molecule$This change is accompanied by slight of the C#* ions are replaced with different fractions of Zn

alterations in the orientations and hydrogen-bonding interactions .
of the ammonium and sulfate ioA4. However, when the
pressure is raised from ambient to 1.5 kbar, the deuteratedgyperimental Section

compound switches to form B8This change exhibits hysteresis ] )

when the pressure is decreaéthe deuterated compound has Preparation of Compounds. The preparation of deuterated am-
been the subject of charge-density anal§sath (NH),[Cu- monium copper(ll) sulfate hexahydrate has been described previously.
(H20)5](SO4)2] and its dguteratedyanalogue exhibit2 thermal An identical procedure was used to prepare four samples in which 0.2%,

AN . P ) 0.5%, 1.0%, and 2.0% of the Cu®Opn a molar ratio basis, were
equilibria involving the other crystal forth and it has been replaced with ZnS@7H,0. The resulting samples were recrystallized

suggested that cooperative interactions play a significant role three times from 99.8% 0. The actual ratio of Zn/Cu was determined

in these equilibri&. for each sample by analysis using a Varian SpectrAA-800 Atomic
The chromium(ll) Tutton salts differ from their copper(ll)  Absorption Spectrometer and was found to be 0.2%, 0.5%, 1.3%, and

analogues in that both the hydrogenous and deuterated am-3.4%, respectively. Comparison of the absolute determinations with

monium compounds adopt form $However, it was noted by  the ratio of the Zn and Cu concentrations suggests that the values are

Falvello et al. that when zinc(ll) substitutes for chromium in accurate to better than 0.1%. A lower limit of 90% was obtained by

the mixed-crystal series (NBH[CrixZn(H20)6](SOx)> and x mass spectroscopy for the deuterium concentration of the sample

> 0.07, the structure switches to form'BThat is, substitution containing the greatest fraction of Zn. .
of Cr2* with Zn?* ions has an effect on the crystal structure Spectroscopy EPR spectra were measured using a Bruker ESP300e
spectrometer at X-band frequencyq GHz) with the temperature

measured and controlled using an Oxford Instruments ESR-910 flow
cryostat with a ITC4 temperature controller.

* E-mail: simmonsc@hawaii.edu. E-mail: Michael.Hitchman@utas.edu.au.
T University of Hawaii at Hilo.
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Table 2. Comparison of the Metal Oxygen Bond Lengths (A) for
Different Crystals of (NDQ)2[Cu[Zn](D20),](SOs). in which a small
Percentage of Cu was Replaced with Zn or Pure Deuterated (deut.)
or Hydrogenous (hydrog.) Compounds

bond deut 0.2%Zn 0.5%2Zn 1.3% Zn 3.4% Zn hydrég.

M—0(7) 2.078(3) 2.078(2) 2.081(2) 2.089(2) 2.177(3) 2.210(2)
M—0(8) 2.222(3) 2.216(2) 2.208(2) 2.199(2) 2.098(3) 2.071(2)
M-0(9) 1.960(2) 1.953(2) 1.956(2) 1.956(2) 1.965(2) 1.959(2)

aRef 8.

Results and Discussion

The basic unit cells of the four Zn-doped samples of {ND
[Cu[Zn](D20)s](SO4). were found to be very similar to one
another and to the reported unit cells of the pure copper(Il)
compound? The general disposition of the anions and cations
in the unit cell and atomic numbering system are identical to
those described previouslyThe most important aspect of the
structures is the orientation of the distorted Cy@R?* ions.

The Cu-O bond lengths are listed in Table 2, together with
those of the pure hydrogenous and deuterated copper(ll)
compounds for comparison. Three different -€b bond
distances occur, and in every case, the shortest bond is to O(9)
For the three samples with lower Zn substitution, the longest
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Figure 1. Variation in Cu—-O(7), Cu—0(8), and Cut-O(9) bond lengths

bonds are to O(8), and the bonds of intermediate length are to(diamonds, crosses, and squares, respectively) for)gM(Dz0)e]-

O(7), as is characteristic of the form (A) adopted by pure
deuterated ammonium copper(ll) sulfate at ambient predsure.
For the sample where 3.4% of the €lons are replaced by
Zn?* ions, the longest bonds are to O(7) and the bonds of
intermediate length to O(8), as observed for the crystal structure
of hydrogenous ammonium copper(ll) sulfate (form?2B).

It has been noted previoudf{that for deuterated ammonium
copper(ll) sulfate, the CaO(7) and Cu-O(8) bond lengths are
much closer in value at room temperature than at low temper-
ature (Cu-O(7) = 2.009(1) A, Cu-O(8) = 2.300(1) A, and
Cu—0(9) = 1.960(1) A at 8 K@ This has been explained in
terms of a thermal equilibrium involving the higher-energy
crystal structure, form B Because the lengths of the two bonds
are interchanged in forms A and B, this leads to their partial
averaging in the high-temperature crystal structure determina-
tion.!! Detailed analysis of the temperature dependence of the
Cu—0 bond lengths andi-values suggests that the thermal
behavior is strongly influenced by cooperative interactibtts.
is of interest to see how this is influenced by 2Znion
substitution. The temperature dependence of the EPR spectru
of a powdered sample of (NJB[Cu[Zn](D20)e](SOy), with

3.4% Zn substitution was measured between 4 and 295 K. The

observed behavior was found to be very similar to that reported
for the pure deuteratéchnd hydrogenous compountssug-
gesting that, at least at these low levels, the cooperative
interactions are unaffected by the replacement éf@ans with
Zn?*. Thus, theg-values were found to be 2.055, 2.235, and
2.325 for the Zn-doped sample at 295 K and 2.075, 2.120, and
2.425 at 4 K, the change being almost complete upon cooling
to ~150 K; for (NHy)2[Cu(H20)6](SOs)., theg-values of 2.055,
2.215, and 2.355 were observed at 300 K, and 2.065, 2.110,
and 2.426 were observed at 4 K, with the change also occurring
predominantly in the 150300 K region®'? The influence of

the metal ion substitution on the position of the equilibrium
may be seen from the variation of the €0 bond lengths as

a function of Z&" ion concentration plotted in Figure 1. The
values observed for the hydrogenous salt are included for

(11) Simmons, C. JNew J. Chem1993 17, 77, and references therein.
(12) Augustyniak, M. A.; Usachev, A. E.; Yablokov, Y. V. Private
communication.

(SQy), as a function of the percentage of Cuons replaced by Zi.
The values for the hydrogenous salt are shown for comparison.

comparison. It can be seen that there is a slight convergence of
the Cu-O(7) and Cu-O(8) lengths as the concentration

increases from zero to 1.3%, with the structure then switching

sharply when the Zn level rises to 3.4%. While a slight change

in the position of the equilibrium is apparent, it appears to be
relatively insensitive to Zn substitution, at least at these low
levels.

In this respect, the influence of Znion substitution is similar

to that observed upon the increase of pressure. When the

pressure rises progressively from 0 10400 bar at room

temperature, comparatively little change in the unit cell param-

eters and moleculay-values of deuterated ammonium copper-
(I1) sulfate is observed. However, when the pressure is raised

further to 450 bar, a switch to the unit cell and EPR parameters

of form B occurs? It has been suggestethat the reason the
compound tends to adopt either one crystal form or the other,

with an intermediate structure being unfavorable, relates to the
rTl:ooperative interactions in the compound. The switching of

directions for the bonds of one complex makes it energetically
more favorable for neighboring complexes, and, indeed, for the

whole surrounding lattice, to change to the higher-energy form.

For this reason, it was proposed that the equilibrium may largely
involve fluctuating domains of the two forms rather than changes
of isolated complexe%,with hydrogen bonding interactions
playing a key role in this process. Indeed, the fact that deuterated
and hydrogenous ammonium copper(ll) sulfate adopt different
crystal forms at ambient pressure is due presumably to the
influence of isotopic substitution upon the hydrogen-bonding
interactions. The hydrogen bond lengths in the Zn-doped salts
should potentially provide useful information on this question,
but the uncertainties in the data from the present X-ray study
(Table S4) are too large for useful conclusions to be drawn.
Low-temperature neutron-diffraction studies are planned to
investigate this aspect.

Since Zn substitution in deuterated ammonium copper(ll)
sulfate has an effect on the structure similar to that of the
application of pressure, it might be thought that the replacement
of CL2* with the larger ZA" ions simply generates an “internal”
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pressure in the crystal lattice and that this pressure causes theause it. However, unlike the iron(ll) spin isomers, the structural
switch. However, such reasoning appears to be too simplistic. difference between the two forms of ammonium copper(ll)
The dynamic behavior of the ammonium copper(ll) sulfate in sulfate involves the packing of highly distorted complexes with
some ways resembles that of iron(ll) complexes which exhibit essentially identical volumes, and it seems probable that the
“high-spin—low-spin equilibria”t3 Such iron(ll) complexes have  replacement of Cif (and C#*) with Zn?" influences the

a smaller volume in the low-spin state, and the application of structure by its effect on this packing, though the precise
pressure invariably shifts the equilibrium in the direction of this mechanism is not clear.

form. However, when a fraction of the Feions are replaced

by larger Zi@™ ions, the equilibrium shifts in favor of the larger
high-spin iron(Il) complex. This occurs because the substitution
induces a general expansion of the crystal lattice, causing, in
effect, a “negative” pressure to act on the Fe(ll) complexes,
and this favors the larger high-spin form. If similar reasoning  Supporting Information Available: Full crystallographical details

is applied to the effect of Z ion substitution on the structure  (Table S1), positional and thermal parameters for all structures (Table
of deuterated ammonium copper(ll) sulfate 2Zsubstitution S2), bond lengths S3, intermolecular hydrogen bonds, intramolecular

should inhibit the change to the more dense form B rather than Nydrogen bonds (Table S5), bond angles (Table S6), and anisotropic
displacement parameters (Table S7). This material is available free of

charge via the Internet at http://pubs.acs.org.
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