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The crystal structure of dinuclear Cu(II) acetate monohydrate, Cu,(O,CCH;),.2H,0 [van Niekerk
J. N. & Schoening, F. R. L. (1953). Acta Cryst. 6, 501-504], was refined by the full-matrix least-squares’
method using three-dimensional neutron data and revised cell parameters [a=13-167 (4), b= 8563 (2)
c=13-862 (7) A, B=117-019 (2)° (Lcy kx, = 1-54051 A), C2/c, Z=4]. A reasonable description of thé
methyl groups, which are in large-amplitude torsional oscillation, was obtained by use of a special
model (see the preczding paper). R(F)=0-051 and R(F?)=0-072 for F?> g, excluding the very weak
reflections and reflections mildly affected by extinction. The intramolecular Cu-Cu vectoris 2:6143 (17) A
long and oriented almost exactly as reported from measurements of magnetic anisotropy and electron
spin resonance. The water oxygen atom is trigonally coordinated; its Cu-O distance is 2-1613 (17) A.
Average lengths of other bonds, with r.m.s. deviations in brackets and maximum individual e.s.d.’s in
parentheses, are: Cu-0, 1:9689[223](17); C-O, 1-2596[20](19); C-C, 1-5013[11](16); C-H,1-:093[12](6)
O-H, 0:955[4] (3) A. The H-O-H angle is 1066 (3)°. Two hydrogen bonds link the water moleculé
to two acetate oxygen atoms. The Cu-O bonds to these two oxygen atoms are 0-04 to 0-05 A longer
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than those to the other two acetate oxygen atoms.

Introduction

A number of complexes of bivalent copper have been
found to have subnormal magnetic moments (see re-
view by Kato, Jonassen & Fanning, 1964). The re-
duction in magnetic moment can be attributed either
to direct antiferromagnetic exchange interaction be-
tween neighboring copper atoms or to a ‘super-ex-
change interaction’ operating through the bridging
ligands between copper atoms. The magnetic behavior
of copper(ll) acetate monohydrate is typical of a large
number of these complexes. The magnetic moment at
room tempetature is about 1-4 Bohr magnetons, less
than the normal value of about 1-9 or the theoretical
spin-only value of 1-73. The magnetic susceptibility is
at a maximum near 270 °K and decreases rapidly as the
temperature is lowered below that value. The electron
spin resonance is also anomalous.

Considerable support for a mechanism of direct
magnetic exchange in copper(ll) acetate monohydrate
was provided by the X-ray crystal-structure analysis of
van Niekerk & Schoening (1953), which indicated a
Cu-Cu nearest-neighbor distance of 2:64 A, slightly
greater than the interatomic distance of 2:556 A in
metallic copper at 20°C (International Tables for X-ray
Crystallography, 1962, p. 278). The two copper atoms
are held together in a centrosymmetric dimeric unit by

* Research sponsored in part by the U.S. Atomic Energy
Commission under contract with Union Carbide Corporation
and in part by the U.S. Agency for International Development.

+ A brief report of this work was given by Chidambaram &
Brown (1972).

1 Permanent address: Nuclear Physics Division, Bhabha
Atomic Research Centre, Trombay, Bombay 85, India.

four acetate bridges, and each atom also has a water
molecule coordinated to it.§ Other complexes of cop-
per(Il) classified by Kato er al. as exhibiting direct
copper-to-copper interactions are in general thought to
have similar structures with four three-atom bridges
between nearest-neighbor copper atoms. For a few
of these complexes besides Cu,(O,CCHj),.2H,0 dinu-
clear bridge structures have been proved by X-ray
analysis; namely, for both orthorhombic monopyridine
Cu(II) acetate (Hanic, Stempelovd & Hanicova, 1964)
and monoclinic monopyridine Cu(Il) acetate (Bar-
clay & Kennard, 1961), for Cu(ll) succinate dihydrate
(O’Connor & Maslen, 1966), and for the two ions
[Cu(O,CH)(NCS)]z:~  and  [Cu(O,CCHj;),(NCS)]3-
(Goodgame, Hill, Marsham, Skapski, Smart &
Troughton, 1969). The compounds chromium(Il) ace-
tate monohydrate (van Niekerk, Schoening & de Wet
1953; Cotton, DeBoer, LaPrade, Pipal & Ucko, 19715
and rhodium(Il) acetate monohydrate (Cotton et al.
1971) are isostructural with Cu(II) acetate monohydrate
and also have dinuclear bridged structures.

The question of the mechanism for direct interaction
between the adjacent copper atoms in such complexes
as Cu(Il) acetate monohydrate is not yet settled, though
it has been the subject of many discussions in the liter-
ature (for leading references see: Kato er al., 1964:
Baird, 1968; Oldham, 1968; Goodgame er al., 1969
Qregsqn, Martin & Mitra, 1971). Both & interactions
involving d,,_,» orbitals and ¢ interactions involving
'dzz orbitals have been proposed and explored theoret-
ically without settling the matter. It is, in fact, an open

§ An appropriate systematic name is tetra-u-acetato-bis-
{aquocopper(1l)}.
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question still as to whether the interaction does not
occur wholly or in part through super-exchange.

In view of the sustained interest in the nature of the
magnetic interaction in the dinuqlear complex
Cu,(0,CCH,),.2H,0 and in similar complexes, we
have redetermined the structure of the complex by the
neutron-diffraction method with the aim of obtaining
more accurate structure parameters than those of van
Niekerk & Schoening (1953). The choice of the neu-
tron-diffraction method for this study allowed us a.lso
to determine precisely the pattern of hydrogen bonding
and the geometry of the water molecule. Attempts to
account properly in least-squares refinement for large-
amplitude torsional motions of the methyl groups
about their C-C axes and to minimize the attendant
effects on the apparent C-H distances led us to deyelo'p
and apply the model for torsional oscillation which is
the subject of the accompanying paper (Chidambaram
& Brown, 1973).

Experimental

An apparently suitable crystalf was _systematlca_llly
examined by taking a number of orientation precession
photographs with the X-ray beam bathing different
volume elements, and a portion of the crystal which
was found to be misoriented was carefully removed.
The remaining portion was ground to the form of an
almost regular parallelepiped pounded by the faces of
the forms {001} and {110}, with edges about 2:5 mm
long. The weight of the specimen was _35-8 mg.

The specimen was sealed inside a thin-walled quartz
tube and mounted on the Oak Ridge automatic neutron
diffractometer (Busing, Smith, Peterson & Levy, 1964)
with the reciprocal axis ¢* along the spindle axis. A
total of 2762 intensity observations were m)ade in the
range 20 < 111° (the limit of the instrument) at a neu-
tror%wavelength of 1-078 A (A~ sin #<0-754 A.‘ . The
number of symmetrically nonequivalent reflections was
2491. The R value between 86 0kIF?Z values apd ‘thelr
equivalent Ok/F. values was 0-089. The preliminary
data processing followed the same procedures used in
other neutron-diffraction studies reported frpm this
laboratory (Brown & Levy, 1964; Brown & Chidamba-
ram, 1969; Worsham & Busing, 1969). The few nega-
tive values of F2 (resulting from statistical fluctuations
and instrument errors) were replaced by zero values.

For calculation of corrections for absorption by the
method of Busing & Levy (1957), the coordil}ates of the
8 corners of the crystal were measured with a tool-
maker’s microscope, and the equations of the 6 face
planes were calculated. The value 1:93 cm“’ for the
linear absorption coefficient 4 was established by de-
termining the transmission factor exp(—ud) through
a crystal of known thickness 4, using the diffractometer

+ From a batch of crystals grown by Dr 8. Srikanta of the
Bhabha Atomic Research Centre by slow evaporation of a
saturated aqueous solution.
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counter at zero 26 and a fine beam of neutrons defined
by a pinhole in a piece of boron carbide. The correction
factors applied to the F2’s were in the range 139 to 1-68.

An empirical correction term (0-03F2)? was added to
the statistical variance g 2(F2) of each observation F>
to obtain the variance ¢?(F2), the reciprocal of which
was taken as the weight of the observation in least-
squares refinement. The extra term makes allowance
for instability in the instrument, deficiences of the
structure model, and so forth (Peterson & Levy, 1957).
The FZ values for 1943 of the 2491 independent re-
flections were greater than their corrected o(F2) values.

The unit-cell parameters were redetermined from 20
observations in the range 135 to 158° for 12 resolved
Cu Ku, reflections from a small crystal mounted on the
Oak Ridge computer-controlled X-ray diffractometer
(Busing, Ellison, Levy, King & Roseberry, 1968). Unit
weights were used in this least-squares determination.
The new cell parameters and their standard errors ap-
pear in Table 1, with the parameters reported by van
Niekerk & Schoening (1953); these new parameters
were used in calculations of bond lengths, valence
angles, and so forth.

Table 1. Unit-cell parameters of Cu(1l) acetate
monohydrate (space group C2/c)

van Niekerk

This work & Schoening
a 13-167 (4) A 13-15 A
b 8-:563 (2) 8-52
c 13-862 (7) 13-90
B 117-019 2)° 117-0°
A 1-54051 A
Temperature 23+1°C

The reflections which were observed in both our
neutron and our X-ray experiments were those which
satisfy the following conditions: hkl’s, h+k=2n;
hOl’s [=2n, (h=2n); 0k0’s, (k=2n). These conditions,
the same as those reported by van Niekerk & Schoe-
ning, are characteristic of space groups C2 and C2/c
(International Tables for X-ray Crystallography, 1952,
pp. 89 and 101).

Structure refinement

By standard Fourier refinement procedures starting
with the coordinates of the copper, oxygen, and carbon
atoms as given by van Niekerk and Schoening for their
rough structure of C2/c symmetry, the eight hydrogen
atoms of the dinuclear asymmetric unit were located.
In subsequent refinement by the full-matrix least-
squares method, the quantity Sw(F2— S2F*)? was min-
imized by adjustment of the following 166 parameters:
the overall scale factor S on the F.’s; three positional
parameters and six anisotropic thermal parametersy}

1 The temperature factor was of the familiar form
exp (—Afiy —k*Bar—1*Bs3— 2hk B2~ 2hiBy3— 2k1B3).
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B;; for each of the 18 atoms of the asymmetric unit;
the neutron scattering lengths of copper, oxygen, and
hydrogen.t At convergence the conventional measures
of goodness of fit were as given in Table 2.

Table 2. Measures of goodness of fit* in
least-squares refinement
The first entry for each quantity includes contributions from

all data not weighted zero; the second entry (in parentheses)
does not include data for which F2<o(F3).

Standard Torsional- Three-
l.s. oscillator  cumulant
refinement refinement refinement
R(F) 0-095 0-091 0-096
(0-066) (0-061) (0-063)
R(F?) 0-0895 0-080 0-067
(0-0818) (0-072) (0-060)
R.(F?) 0-100 0-092 0-083
(0-097) (0-088) (0-079)
oy 1-171 1-072 1-030
(1-287) (1-:170) (1-138)

* These are the familiar measures used regularly by crys-
tallographers. For explicit definitions, see Brown & Chidam-
baram (1969), among others.

At this stage of refinement, the usual termination
stage, the coordinate standard errors calculated from
the least-squares covariance matrix were about 0-0010
A for the copper atom, 0-0010 to 0-0021 A for the car-
bon and oxygen atoms, 0-004 A for the hydrogen atoms

+ Since the overall scale factor was being adjusted, it was
not possible to adjust all of the four different scattering lengths;
therefore, the scattering length of carbon was held fixed.
Adjustment of the three scattering lengths provides indepen-
dent estimates of the ratios of the scattering lengths of the four
atoms for comparison with tabulated values from other exper-
imental sources. In this laboratory we have routinely made
such adjustments in least-squares refinements, and we have
sometimes found strong indications for revision of tabulated
values (see for example: Brown & Walker, 1966 El Saffar &
Brown, 1970, and references therein) which have been verified
by other work and have now been made in the tabulation of the
Neutron Diffraction Commission (1969). When the present
work began, there was reason to suspect (Peterson, 1962) that
the scattering length 0-79 x 107'* cm given for copper in
Bacon's (1962) table was somewhat high.
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of the water molecule, and 0-005 to 0-012 A for the
hydrogen atoms of the methyl groups. All of the cal-
culated bond lengths and angles not involving the meth-
yl hydrogen atoms were chemically sensible. However,
the apparent C~H bond lengths were unsatisfactory;
they varied from 1:024 to 1-050 A and averaged 1-037 A
instead of the expected value of about 1-11 A (see
Table 3). The H-C(2)-H angles were apparently some-
what distorted from the symmetrical pattern expected
for an isolated methyl group; they were calculated as
110, 110, 102°. The three C-C(2)-H angles were 109,
112, and 114°.

The aberrant values of the C-H bond lengths were
clearly consequences of large-amplitude torsional os-
cillations of the methyl groups about their respective
carbon—carbon axes. Analysis of the anisotropic
thermal parameters of the methyl hydrogen atoms
showed that for each hydrogen the largest principal-
axis root-mean-square vibrational displacement was
near 0-5 A (Table 4) and that the axis of largest am-
plitude was nearly parallel to the tangent to the arc
that would be described by the hydrogen atom in
torsional oscillation about the C-C axis of its acetate
group. The vibrational motion is shown pictorially
by the ellipsoid drawing of Fig. 1. That apparently
short C—H bond lengths should result from such large-
amplitude torsional oscillations follows from the dis-
cussions of Cruickshank (1956) and of Busing & Levy
(1964) on the effects of thermal motion on bond lengths
as calculated from atomic coordinates determined by
crystal-structure analysis. The angular distortions in
the methyl groups were thought to be related to the
excessive smearing out of the scattering densities of the
methyl hydrogen atoms, which would be expected to
increase the difficulty of determining accurately the
atomic positions.

‘Corrected’ values (see Table 3) of the C-H bond
lengths calculated according to the ‘riding’ model of
Busing & Levy (1964) were hardly to be preferred over
the uncorrected values; the spread of the C-H bond
lengths was not narrowed and the average value of
1-144 A was too high. The model explained in the ac-
companying paper (Chidambaram & Brown, 1973) for
an atom in torsional oscillation was developed in an at-

Table 3. C-H bond lengths in copper acetate monohydrate

Numbers in square brackets give r.m.s. deviations from averages

From special

From normal least-squarcs refinement refinements
Riding Seg. body Torsional Three-
Raw model analysis oscillator cumulant®

H(@3) 1-024 (5) 1-120 1-114 1-078 (5) 1-011
H®4) 1-:032 (6) 1-137 1-124 1-084 (6) 1-095
H(5) 1-050 (7) 1-178 1-160 1-118 (6) 1-099
H(6) 1-050 (5) 1-128 1132 1-093 (5) 1-104
H(7) 1-043 (6) 1-132 1135 1-093 (5) 1-081
H(8) 1-020 (6) 1-168 1-145 1-095 (5) 1-034
Ave. 1-037 [12] 1-144 [21]  1-135[15] 1-093 [12] 1-071 [38]

# These are intermode distances (see text).
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Table 4. R.m.s. vibrational amplitudes of methyl
hydrogen atoms in copper acetate monohydrate

Numbers in brackets give r.m.s. deviations from averages.

Segmented Torsional

Standard body oscillator

refinement analysis refinement

&) ©) ) ©)
H@3) 0-50 (1) 24 249 (7)
H(4) 0-50 (1) 24 219 (6)
H(5) 0-52 (1) 25 27-0 (8)
Ave. 051 24 232 246 [2:1]
H(6) 043 (1) 21 19-2 (5)
H(7) 0-46 (1) 23 23-2 (5)
H(8) 0-56 (1) 27 283 (8)
Ave. 048 24 22-5 236 [3-7]

tempt to describe properly the motion of the methyl
hydrogen atoms and to obtain physically sensible C-H
distances.

In the expression for the contribution Fy(h) of a
single methyl hydrogen atom to a structure factor F(h)
according to the new model, the four adjustable par-
ameters 0%, U,,, Uy, and U,, replace, in effect, the six
adjustable parameters of the usual model for aniso-
tropic motion. In addition, however, an anisotropic
temperature factor of the usual form is involved to take
care of that part of the motion of the hydrogen atom
which may be assumed to result from motion of the
whole acetate group to which the given hydrogen be-
longs. The six parameters f§; of this temperature factor
are evaluated in a preliminary calculation and not ad-
justed thereafter.

For copper acetate monohydrate the evaluation of
these last six parameters for each methyl hydrogen
atom from the anisotropic thermal parameters of the
standard least-squares refinement already described
was possible only through use of the segmented-body
program, ORSBA, of our colleague C. K. Johnson
(1970b). It was clear from inspection of Fig. 1. and of
the calculated atomic principal-axis displacements that
the whole dinuclear complex unit is not rigid and that
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the acetate groups are the only portion of it which ap-
proach rigidity. The problem was to perform a rigid-
body analysis for each acetate CCO, group and then to
compute the six %, terms of each hydrogen atom which
correspond to the parameters established for the rigid-
body motion. However, as is implied by Schomaker
& Trueblood (1968) and stated explicitly by Johnson
(1970c¢), a singularity occurs in the solution of the nor-
mal equations in the least-squares rigid-body analysis
when only four atoms in a plane arrangement define
the rigid body. By use of the program ORSBA, the
U,;'s* corresponding to the f§;;’s of the methyl hydro-
gen atoms from the standard least-squares refinement
of the crystal structure were included as observations
for a segmented-body analysis. Each of the two acetate
groups was treated as two rigid segments, O,C and
CH,, in relative motion about the C—C axis. The use of
the U;;’s of the hydrogen atoms removed the singularity
and yielded a description of the rigid motion of each
group. The standard deviation of an observation of
unit weight (which in this case was just the root-mean-
square AU;; corrected according to the number of
degrees of freedom) was 0-0014 A? for acetate group 1,
which includes atoms O(1), O(2), C(1), and C(2), and
0-0028 A? for acetate group 2, which includes O(3),
0(4), C(3), and C(4). The desired SF’s for the methyl
hydrogen atoms were computed with the program
ORSBA from the two sets of parameters for segmented-
body motions of the two acetate groups.

The calculation with ORSBA also yielded, as one of
the parameters of motion of the segmented-body, the
root-mean-square amplitude of torsional oscillation
about the C-C bond of each acetate group (see Table
4). It also provided corrected values for the bond
lengths and angles in the acetate groups, the corrections
being calculated as combinations of the effects of

* The U,;’s which are the observational data for the rigid-
body least-squares analysis are the components of the tensors
of mean-square vibrational displacement referred to a Carte-
sian coordinate system. Unit weight was used for each observa-
tion.

Fig. 1. Stereoscopic view of the dinuclear unit Cu,(O,CCH,)s.2H,O plus four hydrogen-bonded oxygen atoms of adjacent units.
The 50% probability ellipsoids (Johnson, 1970a) from the preliminary refinement are shown. Atoms may be identified by re-
ference to Fig. 2, which shows the unit in about the same orientation with atoms labelled.
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rigid and riding motions as appropriate. The C-H bond
lengths corrected in this manner are included in Table
3.

The BR’s of the methyl hydrogen atoms were used as
constants in further least-squares refinement with a
special version of the program ORFLS which incor-
porates the torsional-oscillator model. Except for the
parameters 6° and U;; of the methyl hydrogen atoms,
the same parameters were adjusted as in the standard
refinement. In the final refinement cycle the largest
ratio of parameter shift to standard error was 0-04. The
final measures of goodness of fit are shown in Table 2.

We consider that the improvement in the fit of the F?’s
to the F2’s resulting from the use of the torsional-os-
cillator model is significant, mainly from the fact that
the calculated C-H bond lengths became much more
nearly acceptable (see Table 3 and Discussion below).
To weigh the significance of the improved fit, one may
also use the R-factor ratio test (Hamilton, 1965). The
hypothesis is that the thermal motion of the six methyl
hydrogen atoms is properly taken into account by use
of the usual six-parameter anisotropic temperature
factors. The hypothesis is not linear and its dimension
1s not well defined, since there must be some redun-

Table 5. Structure parameters for copper acetate
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dance between the 24 new parameters (6*’s and U,,’s)
and the 36 f;,’s of hydrogen atoms used in estimating
the f75’s; however, as a basis of discussion one may
take the dimension to be 24. For this dimension and
2167 degrees of freedom, the 0-005 probability point,
R4.2167.0,005, 1S 001, The observed ratio, Z, is 1-08.
Therefore, the hypothesis may be strongly rejected,
expecially so as 24 is probably an overestimate of the
dimension.

The final parameters and their standard errors are
represented in Table 5. The Table includes for each
methyl hydrogen atom the f;;’s from the preliminary
standard refinement and the f%’s from the segmented-
body analysis, as well as the 6*’s and U,;’s of the new
model. It also includes the nuclear scattering lengths,*

* In reply to a question from a referee, we note that there
are six correlation coefficients among the scattering lengths and
between the scattering lengths and other parameters that
exceed 0-3 in magnitude. The largest in magnitude is the 0-701
between the scale factor and the scattering length of the oxygen
atoms. Although some of the coefficients are moderately large,
the validity of our least-squares refinement is in no way im-
paired by them. There are, in fact, 69 correlation coefficients
among other parameters spanning the same range of magni-
tude.

monohydrate, with standard errors in parentheses

(a) Coordinates (x 10°) of all atoms; anisotropic thermal parameters f§;; ( x 10°) of all atoms except methyl hydrogen atoms;
thermal parameters 0 (°) (x 10) and U, (A?) (x 10%) of the methyl hydrogen atoms.

Atom X Y z But
Cu 45018 (06) 8393 (11) 4504 (06) 262 (05)
O(l)  68393(10) —8857(18) 10069 (09) 311 (07)
0(2) 60004 (10) 6002 (18) 17564 (09) 330 (07)
0(3) 49239 (13) —26436 (17) —30(13) 544 (10)
O(4) 40512 (13) —12053 (17) 7491 (13) 487 (09)
O(W) 37544 (15) 20799 (20) 13294 (12) 703 (12)
C(l) 68233(08) —2060(13) 18032 (08) 275 (05)
C(2)  78455(12) —3672(23) 28871 (10) 457 (08)
C(3) 43418 (09) —24892 (14) 5032 (09) 318 (06)
C4) 39634 (12) —39571 (18) 8397 (12) 572 (09)
H(1)  31355(26) 27868 (36) 11251 (24) 694 (20)
H(2)  38439(27) 15823 (37) 19846 (22) 789 (22)
P
H(3) 85209 (40) —10261 (100) 28429 (35) 249 (7)
H(4) 81516 (50) 7686 (71) 32482 (47) 219 (6)
H(S) 75600 (52) —9478 (138) 34442 (41) 270 (8)
H(6) 30405 (36) —40780 (65) 3624 (54) 192 (5)
H(7) 43554 (59) —49805 (47) 6749 (64)  232(5)
H(8)  41575(95) —33648(80) 16938 (46) 283 (8)

;822 ﬂl} ﬂll ﬂll BZJ
549 (10) 242 (05) 31 (06) 128 (03) 12 (06)
937 (17) 269 (06) 121 (10) 97 (05)  —8 (09)

1008 (20) 269 (06) 88 (09) 79 (05)  —74 (09)
633 (16) 508 (08) —74(10) 296 (08) 37 (10)
733 (17) 538 (09)  —8(i0) 307 (08) 102 (10)

1098 (21)  432(09) 391 (13) 401 (09) 206 (11)
757 (13) 232 (05) 30 (07) 69 (04) 14 (07)

1741 (27) 304 (06) 306 (13)  —7(06) —40(11)
641 (13)  337(06) —68(08) 109 (05) 112 (07)
909 (19)  587(09) —167(11) 246 (07) 240 (10)

1250 (40) 606 (18) 290 (24) 347 (i6) 87 (21)

1416 (43) 506 (16)  235(25) 400 (16) 182 (21)

Ull U22 UIZ
138 (15) 43(25) —42(15)

113 (19) 66 (37) 6 (22)
123 (19) S1(42)  —36(23)
90 (20) 143 (26) —21 (19)
139 (18) 123 (33) —28 (19)
200 (23) 11(32) -76(22)

(b) For the methyl hydrogen atoms, the anisotropic thermal parameters f;; ( x 10*) from the preliminary refinement and the param-
eters B (x 10*) from the segmented-body analysis. The parameters f,; and BR are for temperature-factor expressions of the

form exp [— hzﬂu - kzﬂzz - 12ﬂ33 —2hkBir —2hip s — 2kifan].

Atom P Ji B3 Bz

H(3) 85 (03) 473 (17) 81 (03) 124 (07)
H#) 119 (05) 260 (12) 117 (05) 29 (07)
H(5) 133 (06) 658 (28) 64 (03) —6(11)
H(6) 82 (03) 224 (09) 183 (07) —56(05)
H(7) 168 (07) 114 (06) 267 (10) 20 (05)
H(8) 375 (15) 288 (13) 89 (04) —156(12)

(¢) Neutron scattering lengths, in units of 107!2 ¢cm.

Scattering amplitudes C, 0661 Cu,

AC2B-6

Bus Bas Bt BR: B B BS BB
-16(3) —67(6) 44 196 46 42 -7 -13
-544) =73(7) 39 239 59 16 -7 —65

6 (3) 119 (8) 100 264 29 69 17 36

41 (4) 60 (7) 54 11 109 —29 46 -8
147 (7) 74 (6) 48 69 70 —13 10 27
105 (7) 21 (6) 133 138 69 —34 56 35
0-760 (4) O, 0-578 (3) H, -0371(3)
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Table 6. Structure-factor table
See text for explanation.
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which are not significantly different from those in the
compilation published by the Neutron Diffraction
Commission (1969).

The observed structure-factor magnitudes |F,| and
the calculated structure factors F, are listed in Table 6,
both on the absolute scale in units of 10~** ¢cm. For
2ach reflection for which F2 is greater than or equal to
a(F?), the standard error o(F,), computed as
a(F?)/2|F,}, is given in units of 10~!* cm; for the other
reflections the errors o(F?2) are given (in units of 1072
cm?), with minus signs attached to indicate that the
reflections are weak. The 113 reflections marked U
were omitted in the final refinement cycles because
their phase signs were considered undetermined. The
35 reflections of highest intensity, marked X, were
omitted to minimize effects of extinction (mild effects
amounting in no case to a reduction of intensity or more
than about 11%). Reflection 4,0,21 was also omitted
because its intensity measurement was considered un-
reliable.

Discussion

The torsional oscillations and the CH; groups

Table 4 compares the root-mean-square torsional
amplitudes, d’s, found for the individual methyl hydro-
gens with corresponding estimates made from the
largest principal-axis displacements calculated from
the B;;’s from the normal refinement and with the two
amplitudes for CH; groups calculated by the seg-
mented-body analysis previously described. The spread
of the individual amplitudes from the torsional-oscil-

i
12,8232
i

L

i

1.86313
1.50231161

1.093151 Eu)l 09315
@ 095v5 >
9

(@

{'_—7.\2492701 ___,,j
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lator model within each methyl group, especially within
the C(4) methyl, is a little disappointing, but the general
agreement with the other estimates is encouraging.

The C-H bond lengths calculated directly from the
parameters derived in the torsional-oscillator refine-
ment are clearly to be preferred over any values that we
have been able to calculate from the parameters from
the normal refinement (see Table 3). There is a range of
0-039 A in the bond lengths, but the r.m.s. deviation
from the average is only two or three times the standard
error of an individual length. The average length 1-093
A is close to the mean separation 1107 + 0-001 A re-
ported by Bartell, Kuchitsu & DeNeui (1961) from an
electron-diffraction study of gaseous methane. We
judge that so far as the accuracy of the C-H bond
lengths is concerned the results from use of the new
model are moderately satisfactory.

The model appears to be at least as successful in
this application as the King & Lipscomb (1950) model
has been as applied to the motion of the cyclopenta-
dienyl rings in (C;HsFeS), (Schunn, Fritchie & Prew-
itt, 1965) and to the motion of the methyl groups in
hexamethylbenzene (Hamilton, Edmonds & Tippe,
1969). In each case physically realistic bond lengths
have been obtained by taking explicit account in the
least-squares refinement of curvilinear motions of at-
oms.

It is of interest also to compare the C-H distances
with those resulting from a refinement performed by
our colleague Dr C. K. Johnson which was based on
the same set of data but which used the three-cumulant

110.6161
/

110.6161 o}

)
m

1820

)

Fig. 2. The geometry of the dinuclear unit in copper(II) acetate monohydrate and of the hydrogen bonds. (a) Interatomic distances
(A) and selected torsion angles. Each of the latter is distinguished by a degree symbol (°) and by a double-headed arrow pointing
to two bonds at opposite ends of the particular bond about which the torsion angle is measured. The letters j, &, m, and n
adjacent to the oxygen atoms hydrogen-bonded to the water molecules identify symmetry transformations (see Table 8). The
superscript bars in some of the atom symbols denote inversion through the center at 4, 0, O (transformation ). (b) Valence

angles and angles of hydrogen bonds (°).

A C29B - 6*
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model (Johnson, 1969, 1970b). The fit of parameters to
data in his refinement is better than in ours (see Table
2); but it is not clear what part of the improvement is
to be attributed to use of the three-cumulant model for
the methyl hydrogens, since the model was also used
for all of the other atoms. Johnson’s refinement also
included calculation of extinction corrections, which
may well affect the goodness-of-fit parameters without
making the structure parameters any more reliable than
those from our refinement, in which the data which
seemed to be affected by the moderate degree of ex-
tinction were omitted. The intermode C-H distances
calculated from Johnson’s parameters by use of the
Edgeworth expansion are included in Table 3. These
are the distances between the most probable positions
for the atoms, which in principle, subject to the tests of
experience, might be expected to be the best measures
of the C—H bond distances. In each methyl group two
of the C—H intermode distances are nearly correct and
one is much too short, for reasons not known.

The angle parameters which describe each methyl
group are given in Fig. 2. They describe somewhat dis-
torted methyl groups, though the distortion for the
C(2) methyl is not quite so great as appeared from the
parameters of the normal least-squares refinement. The
angle distortions and the variations in C-H bond
lengths probably reflect imperfections in the torsional-
oscillator model in its present form. Another indication
of imperfection of the model is the fact that the three
U,;’s in Table 5 for atom H(8) do not define a positive-
definite quadratic form. The Uij’s of the other five
hydrogen atoms seem generally reasonable.

Possibly it would be preferable to use a model in
which a single parameter ¢* is used for each methyl
group, perhaps with constraint to the ideal trigonal
geometry (point group 3m). With only a single ¢ it
might be possible to adjust simultaneously six ordinary
Bi;’s for each atom without encountering a singular
matrix, thereby taking care of the other modes of mo-
tion.

Final Fourier difference syntheses were made
through the center of each methyl hydrogen atom in
the plane perpendicular to the appropriate C-C axis.
The peaks (see Fig. 3) are somewhat smeared out, con-
sistent with the large-amplitude oscillations. They do
not have exactly the sausage-like shapes that might be
expected for pure oscillatory motion, probably because
of the perturbing effects of other modes of motion. The
general shapes and orientations of the low-lying con-
tours are strikingly similar to those of the correspond-
ing Edgeworth density maps computed from the par-
ameters of the three-cumulant refinement (see Fig. 2 of
Johnson, 1969).

Comparison of the final structure parameters with
those obtained from our preliminary refinement shows
that there are only slight effects on the parameters
derived for the other atoms when the model is changed
for the methyl hydrogens. Specifically, the only changes
in coordinates as large as their standard errors were

DINUCLEAR COPPER(II) ACETATE MONOHYDRATE

changes of 130, and 1-1g, for atom C(4). There were
five comparable changes in the £;;’s, two each for C(1)
and C(3) and one for H(2). Other changes were on the
average much smaller. Clearly the large-amplitude tor-
sional motions of the methyl hydrogens constituted no
serious problem so far as the determination of reliable
parameters for the other atoms was concerned.

The dinuclear complex unit

The structure of the dinuclear complex unit in Cu(Il)
acetate monohydrate is described in detail by the bond
lengths, valence angles, and torsion angles (Klyne &
Prelog, 1960) in Fig. 2. Various least-squares best
planes and deviations from them are shown in Table 7.
Table 8 defines the symmetry transformations implied
by the superscript letters used in the atom symbols in
this paper.

The vector Cu— Cu' within the dinuclear unit
makes angles of 44-05 (6), 123-36 (6), and 134-88 (6)°
with the axial vectors a, b, and ¢, respectively. The
angle 123-36° corresponds to angles between the Cu-Cu
axes and the (010) plane of +33-36°, remarkably close
to thse values +33-3° recently reported by Gregson,
Martin & Mitra (1971) from measurements of mag-
netic anisotropy and to the values * 33° from studies of
electron spin resonance (Bleany & Bowers, 1952; Ko-
koszka, Allen & Gordon, 1965). The projection of
Cu — Cu! on the xz plane of the unit cell makes an
angle 32:36 (5)° with ¢, in agreement with the value 33°
reported from both anisotropy and e.s.r. measure-
ments.

The Cu-Cu’ distance is 2:6143 (17) A, significantly
closer than the 2-64 A reported by van Niekerk &
Schoening to the distance 2:556 A in metallic copper.
This fact stregthens somewhat the arguments for direct
eleptronic interaction between the two Cu atoms in the
unit. Since the Cu-Cu’ distance is hardly distinguish-
able from the distance 2:6010 (1) A found by O’Connor
& Maslen (1966) in Cu(ll) succinate dihydrate, the
explanation of these authors for the fact that the suc-
cinate has a slightly lower magnetic moment at room
temperature than the acetate seems invalid.

Variations of length among chemically equivalent
bonds are comparable in the acetate and succinate
complexes, and the average Cu-O, C-O, and C-C

H(7)

Fig..3.AFinal difference maps showing nuclear scattering den-
sity in each group of three methyl hydrogen atoms. Contours
are all negative; the outermost contour is at the level —0-2 x
10'? cm~?; the contour interval is 0-1 x 10'> cm ™2,
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distances are in close agreement. The most striking
structural difference between the acetate and succinate
dinuclear units appears for the bond length Cu-O(W),

Table 7. Equations of least-squares best planes
through various groups of atoms, and deviations (A)
from the best planes

In each equation X, Y, and Z represent fractional coordinates
in the crystal system; their coefficients are the components
referred to the reciprocal base vectors of the unit normal from
origin to plane. Positive deviations are in the direction of this
normal. For each plane, only the atoms not marked with
asterisks were used in establishing the equation.

Plane Equations and deviations

1 6-6833X+7-0910Y—6-1349Z2=3-3417 A
Cu —0-0141 A C()* —0-0339 A
Cu! 0-0140 C(2)* —0-1299
o(1) —00165 o(W)* —0-1733
0Q2) 0-0166

2 6-4376 X —0-2240Y 4+ 7-6885Z=3-2188 A
Cu 0-0067 A Cc3)* 0-0189 A
Cu! —0:0067 C(4)* 0-0669
0@3) 0-0079 oWw)* 01737
04) —00078

3 7-2030X 4+ 6-9829Y — 5:7795Z=3-7267 A
Oo(l) —00007 A (1) 0-0020 A
0o(2) —00007 C(2) —0-0006

4 6-5746X +0-0388Y +7-5547Z=3-2248 A
0(3) —00001 A C@3) 00002 A
0(4) -0-0001 C4) —0-0001

5 9-4515X—4-4899Y—10-177Z=3-6110 A
o(1Y) 0-0033 A 0@3) —0-0034 A
0(2) 0-0032 0O@4) —00032

Cu*  —0-1913

6 7-4160X + 69275 Y — 5-6238Z=3-5859 A
Cu 0-0809 A Cu' —0-0809 A
oY) —00621 o(1Y) 0-0621
o(W) —01084 owYH 01084
H(1) 0-0373 H(Y) —0-0373

7 59121 X +7-3099 Y — 6-0868Z=2-9576 A
Cu 0-0433 A ow% 00210 A
0(2) —00405 H(2% 0-0031
o(W) —00268

8 5-8085X +6:1040 Y +3-9547Z=3-9754 A
0o(1Y) 0-0026 A H(l) —0-0081A
0(2% —00031 H(2) 0-0080
o(W) 00006

Table 8. Definition of symmetry transformations
implied by the superscript letters i,j,- - - n used in
the atom designations

Superscript Atom position

none X y z
i 1—x -y -z
J —i—-x ity z
k 1—x y 33—z
! —x 31—y —z
m 2—x —%—y —z
n x -y —%+z
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which is 2:1613 (14) A in the acetate and 2:102 (7) A
in the succinate. This difference, which amounts to
about eight times its standard error, is highly signifi-
cant.

In the- acetate the bond lengths Cu-O(1‘) and
Cu-O(2) of 1-9898 (11) and 1-9918 (11) A are signifi-
cantly longer than the bonds lengths Cu-O(3‘) and
Cu-O(4) of 1-9415 (14) and 1-9524 (14) A. A reason-
able explanation is that the bonds Cu-O(l‘) and
Cu-0(2) are weakened relative to Cu-O(3%) and Cu-
O(4) because there are hydrogen bonds (see further
discussion below) to O(1) and O(2) but not to O(3)
and O(4). A closely similar pattern of metal-oxygen
bond lengths is observable in the isostructural Cr(II)
compound (Cotton et al., 1971). The lengthening effect
of hydrogen bonding on the Rh-O distances is not so
clearly observable in the Rh(II) compound, though
there is a suggestion of it, as there is also in Cu(Il)
succinate dihydrate.

The acute angle between the least-squares best planes
of the two atomic groups Cu, Cu’, O(1), O(2) and Cu,
Cu!, O(3), O(4) (see planes 1 and 2 of Table 7) is
88:3°; the corresponding angle* between the best planes
(planes 3 and 4) of the two groups CCO, is 83-5°.

In each of the two acetate groups, one of the hydro-
gen atoms is nearly eclipsed with respect to one of the
oxygen atoms (see torsion angles in Fig. 2). The con-
formations about the C-C bonds are thus consistent
with those found for the corresponding bonds in gase-
ous acetaldehyde (Kilb, Lin & Wilson, 1957), gaseous
acetic acid (Derissen, 1970), crystalline acetic acid
(Nahringbaur, 1970; Jénsson, 1971), hydrazinium ace-
tate (Abdel-Hady, Nahringbaur & Olovsson, 1969),
and the 1:1 complex of ammonium acetate and acetic
acid (Nahringbaur, 1969).

The water molecule, hydrogen bonding, and molecular
packing

Fig. 4 shows a stereoscopic view of the crystal struc-
ture in a direction about 20° from b. The structure is
held together by a three-dimensional network of hydro-
gen bonds from the water molecules to the oxygen
atoms O(1) and O(2) of one of the two acetate groups.

Two kinds of ring structure with linkages generally as
shown in (I) are formed by the hydrogen bonds. One
kind of ring structure involves atoms H(1) and O(1);

0+H—0

O 0O

=]

~a" NI

O—H-0

T~
O/

0

* This angle was incorrectly given as 88° in our preliminary
report (Chidambaram & Brown, 1972).
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the rings are nearly plane arrangements (see plane 6,
Table 7) about the symmetry centers at 4,1,0 and equiv-
alent positions. This arrangement resembles the cen-
trosymmetric configuration often produced by dimer-
ization of carboxylic acids in the crystalline state (Jef-
frey & Sax, 1963). Each dinuclear unit
Cu,(0,CCHy3;),.2H,0 is connected to two of its neigh-
bors in this mode of H-bonding, so that infinite chains
of the units are formed.

The other type of hydrogen-bonded ring structure
involves H(2) and O(2); the rings are symmetrical about
the twofold axes at %,y,+ and equivalent locations.
Each dinuclear unit in a given chain held together
by the first kind of hydrogen bonding described is also
connected by bonds of this second type to two other
units, each in a different chain. Within the reference
ring structure of twofold symmetry, the atoms Cu,
0(2), O(W), O(W*), and H(2¥%) are very nearly co-
planar (plane 7, Table 7), and so of course are the
atoms Cu¥, O(2%), O(W), O(W*) and H(2). The obtuse
angle between the best planes of the two groups of
atoms is 117-8°.

The angles and distances describing the water mole-
cule and the two crystallographically distinct kinds of
hydrogen bonds are included in Fig. 2. The hydrogen
bonds involved in the centrosymmetric rings discussed
above are slightly bent, having O-H---O angles of
167-0 (3)°; the other bonds, those of the rings about
twofold axes, have angles of 179-3 (4)°.

In each hydrogen bond the O-H bond of the water
molecule is oriented nearly along the line of the bisec-
tor of the obtuse angle Cu—O-C at the acceptor oxygen
atom - that is, nearly along the axis of a lone pair of
electrons if the oxygen atoms are considered to be in
sp?* hybridization. Thus, the angles Cu-O(19)- - - H(1Y)
and C(19)-O(1%).--H(1") are 11524 (11) and 123-17
(12)°; and the angles Cu-O(2)---H(2¥) and C(1)-
O(2)- - -H(2¥) are 116-56 (12) and 118-20 (13)°. The
O(1%)- - -H(1") line makes an angle 4-2° with respect to
the plane of Cu-O(1%)-C(1%), and the O(2)- - - H(2*) line

DINUCLEAR COPPER(I1) ACETATE MONOHYDRATE

makes an angle 2-6° with respect to the plane of Cu-
O(2)-C(1). The approximate trigonal symmetry of the
bonds about the oxygen atoms recalls the similar con-
figurations about the acceptor atoms in dimers of car-
boxylic acids and in hydrogen-bonded carboxylate ions,
for example, in ammonium oxalate monohydrate (Rob-
ertson, 1965) and in potassium oxalate monohydrate
(Chidambaram, Sequeira & Sikka, 1964; Hodgson &
Ibers, 1969; Sequeira, Srikanta & Chidambaram,
1970). It supports the view of Robertson (1964) that
lone pairs of oxygen atoms in sp? hybridization are of
stereochemical significance in the hydrogen bonding of
carboxyl and carboxylate groups. However, the degree
of significance of the lone-pair directions continues to
be under discussion (Donohue, 1968: Chidambaram,
Balasubramanian & Ramachandran, 1970).

The apparent O-H distances within the water mole-
cule are 0-949 (3) and 0-961 (3) A after correction by
use of the ‘riding’ model (Busing & Levy, 1964), which
should be a fair approximation in this case, the dis-
tances become 0-959 and 0-971 A. The H-O-H angle
is 1066 (3)° (uncorrected). These molecular parameters
show that the molecule is very little perturbed from the
structure in the gaseous state, which is described by the
parameters 0:9572 (3) A and 104:52 (5)° from the infra-
red spectroscopic analysis of Benedict, Gailar & Plyler
(1956). The water oxygen atom is trigonally coordinat-
ed; the bisector of its lone pairs makes an angle of
20-9 (2)° with the bond O(W)~Cu, which is bent out of
the plane of the water molecule by 18-3°. The coordina-
tion is thus approximately type D in the classification
scheme of Chidambaram, Sequeira & Sikka (1964). A
similar situation was described by Cotton ef al. in the
Cr(IT) compound.

The three atoms of the water molecule and the two
acceptor oxygen atoms to which it is hydrogen bonded
are very nearly coplanar (plane 8. Table 7). The angle
O(1Y)- - -O(W)---0O(2%) is 97-7 (1)". The bending of the
bond O(W)-H(1)- - - O(1”) is an accommodation to the
difference between the angles H-O-Hand O---O---O.

Fig.4. Stere_oscopic view of the crystal structure of copper(ll) acetate monohydrate. The direction of view is about 20” away from
the direction of the axis b. Axis ¢ is approximately horizontal from left to right, and axis a runs from top to bottom about 25°
from the vertical. The parallelepiped shown is symmetrical about the point %, 0, 4, with edges equal to a, b, and ¢ on the scale

of the drawing.
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The angles which the p—p vector H(1) — H(2) of the
water molecule makes with respect to the axial vectors
a, b, and c are 752, 132-4, and 59-9°. The projection of
the p—p vector on the xz plane makes an angle of 47-3°
with respect to ¢. These angles confirm the essential
correctness of the orientation deduced by Kawamori
(1966) in an n.m.r. study. The H(1)- - - H(2) distance is
1-531 (4) A, to be compared with Kawamori’s value
158+ 002 A.

We thank Drs H. A. Levy and C. K. Johnson for
helpful advice and discussion.
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