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An extensive accurate X-ray data set for diaqua(glycylglycinato)copper(ir) hydrate, Cu(glygly)(OH,),-H,O, at 10 K
is reported. The molecular structure is very accurately defined. The Cu(glygly)(OH,), unit approximates to a square
pyramid with the apical water molecule only loosely bound. The data have been analysed by multipole and valence

orbital population models and the topology of the electron density has been examined for chemical bonding
features. There are two independent molecules of the complex in the unit cell, and the agreement between their
bonding features is used as a measure of the validity of obtaining quantitative valence-related parameters from
X-ray data. The agreement is quite reasonable. Atomic charges evaluated by the Stockholder and monopole
population methods do not conform with chemical expectations. Those from the sum of valence orbital
populations and the atom-in-molecules approach are more reasonable but contain anomalies. The ‘hole’ in

the 3d" shell corresponding to the 3d® configuration, predicted on the grounds of ligand field theory, is seen

as a much lowered (1.16 e) population of 3d.. relative to the other 3d orbitals (av. 1.65 e). Populations of valence
hybrid orbitals conform with chemical expectations and, for the (sp?), hybridised carbon atoms of C=0 groups,
relocation of electrons from a p, orbital to those ¢ hybrids is seen. Bond critical points have been located between
all the appropriate non-hydrogen atom pairs. The electron densities at these points show values typical for mixed
ionic/covalent character in the Cu—O and Cu—N interactions and of covalent character in the C-C, O—C and
N-C bonds. The Laplacian of the density at the bond critical points also behaves in a fashion which conforms
with those bond types, although the scatter in the results is greater. There is little evidence of the copper atom
having influenced the electron densities of the bonds between light atoms within the glycylglycinato moiety.

Introduction

Polypeptide complexes of transition metal ions are of obvious
interest in biological chemistry, and information about their
experimental electron density distributions could have much
value. Also, while experimental charge density parameters are
regularly accompanied by least-squares errors, it is known that
the latter are underestimates. Because of changes in chemical
and crystal environments, it rarely has been possible to obtain
more realistic errors by, say, examining the same chemical
moiety in different charge density studies.

In this paper we present a charge density study of the
simplest “poly” peptide complex of bivalent copper, diaqua-
(glycylglycinato)copper(i1) hydrate (Cu(glygly)). The study was
carried out at 10 K to maximise the deconvolution of the
valence electron shape information from the atomic thermal
motions. Further, it was carried out on a system containing
two completely independent units of the complex with entirely
similar chemical surroundings. That has allowed the agree-
ment between the parameters defining their valence electron
distribution properties to be examined.

Monohydrate,' dihydrate? and trihydrate® complexes of
Cu(m) with the ligand glycylglycine have been reported. From
the usual point of view of a charge density experiment, of them
the dihydrate complex, crystallising in the monoclinic cell C2/¢
with eight symmetry-related molecules, appears to be the most

1 Electronic supplementary information (ESI) available: atomic frac-
tional cell coordinates (293 and 10 K), s, (293 and 10 K); selected bond
lengths and angles; anisotropic displacement factors (spherical, 293 and
10 K; multipole, 10 K; valence orbital, 10 K), structure factors (spher-
ical, 293 and 10 K; multipole, 10 K. See http://www.rsc.org/suppdata/
dt/b1/b102891j/
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Fig.1 The molecules in the asymmetric unit of Cu(glygly)(OH,),-H,O
with numbering scheme.

suitable. Less attractive is the trihydrate, which also crystallises
in a monoclinic cell, P2,/c, but which has four molecules of
each of two independent but chemically entirely similar types.
The asymmetric unit consists of two Cu(glygly)(H,0),-H,O
units. We were unable to obtain the dihydrate, and proceeded to
study the trihydrate. The molecule of the trihydrate, with the
atom numbering scheme employed, is shown in Fig. 1 and the
unit cell contents in Fig. 2.

Experimental
The method set out by Kistenmacher and Szalda® for the
preparation of Cu(glygly)-2H,O was followed carefully, but
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Table 1 Crystal and X-ray data collection details for Cu(glygly)-
(OH,),*H,0

293(2) 10(1)
0.68 x 0.38 x 0.35 0.68 % 0.38 x 0.35
C,H,,CuN,0, C,H,,CuN,0,

Temperature/K
Crystal size/mm
Empirical formula

Formula weight 247.70 247.70
F(000) 1016 1016
Crystal system Monoclinic Monoclinic
Space group P2,/n P2,/n
VA 8 8
DJgcm™ 1.892 1.934
u/mm™! 2.515 2.571
alA 14.962(2) 14.8413(9)
b/zo& 7.5234(9) 7.4402(5)
/A 15.804(2) 15.765(2)
pr ) 102.137(9) 102.242(5)
Volume/A® 1739.2(4) 1701.2(3)
O range/° 1.7-25.0 1.7-50.1
h range 0—17 —32t029
k range 0—8 —15to 15
I range —18to 18 —34t0 34
Reflections collected 3191 68042
Independent refin. 3075 17828
R(int) 0.0102 0.0268
Transmission (max) 0.5307 0.5234
Transmission (min) 0.4148 0.3810
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Fig. 2 Projection of the unit cell contents onto the a—c plane for
Cu(glygly)(OH,),-H,0.

repeatedly resulted in the crystallisation of the trihydrate as well
formed deep blue prisms.

An X-ray data set (f-filtered radiation, A(Mo-Ka) = 0.71073
A) was obtained from a crystal with maximum dimensions 0.68
% 0.38 x 0.35 mm, which was mounted on a locally assembled
Huber 512 goniometer* equipped with a Displex 202D cryo-
genic refrigerator, at the Department of Chemistry of the
University of Western Australia. The temperatures employed
were 293(2) and 10(1) K. Data analysis was performed with the
profile-fitting program PROFIT.? During data reduction, inten-
sities collected at 10 K were corrected for the absorption by the
beryllium cylinder shields. Correction for the X-ray radiation
absorption by the crystal was performed with XTAL® using a
Gaussian integration over all the path lengths for all the grid
points to give the absorption correction for each reflection.
Details of the data collection are given in Table 1.

CCDC reference numbers 162657-162660 for the 293 K
spherical atom and 10 K spherical atom, multipole and valence
orbital refinements.

See http://www.rsc.org/suppdata/dt/b1/b102891j/ for crystal-
lographic data in CIF or other electronic format.
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Refinements

All refinements included a correction for Type II extinction
based on the model of Becker and Coppens.”

Spherical atom refinement

We employed the atom numbering system and initial coordin-
ates of Kistenmacher and Szalda.® Refinements were carried
out with the SHELXL97® program. Neutral atomic scattering
factors were taken from ref. 9.

Models were refined, minimizing the quantity Tw(F,, 2 —
Fa)IZwF,, 2 with w defined in Table 2. Corrections for extinc-
tion (secondary, with F_,,.* = kF_,.(1 + 0.001yF,, 2A3/sin20)",
where y is an extinction coefficient) were carried out. The values
of R-factors, R = X||Fps| — |Feacl [/Z|F o1, and the goodness of
fit parameter y = {Z[W(F,,2 — Fou2)/(n — p)}'2, where n is the
number of reflections and p is the number of parameters
refined, are presented in Table 2. Non-hydrogen atoms were
refined anisotropically and H atoms isotropically in both the
room and the very low temperature data refinements. The
positional and equivalent isotropic atomic displacement para-
meters (ADP) are listed for both temperatures in Table S1 (ESI)
and selected bond lengths and angles in Table S2 (ESI). Cal-
culated C-H bonds varied from 0.90 to 1.02 A for the room
temperature data, and from 0.93 to 0.99 A for those at low
temperature; correspondingly, N-H 0.76-0.92 and 0.83-0.89;
O-H 0.68-0.94 and 0.79-0.88 A. The anisotropic ADP of non-
hydrogen atoms (Table S3a,c) and the F,, /F,. (Table S3b,d) are
available as ESI.

The highest residual electron density peak found after final
refinement with low temperature data (0.86 ¢ A~%) occurred
close to the middle of the double bond C1A=02A with the
distances of 0.60 A to C1A and 0.65 A to atom O2A. All other
strong residual electron density peaks are located at positions
close to the centres of covalent bonds between non-hydrogen
atoms. The deepest hole, of 1.24 ¢ A7 is 0.49 A from atom
CuA.

Multipole refinement

The program XD® was employed to produce a conventional
reciprocal space multipole analysis of the 10 K X-ray data with
functions chosen to match the crystallographic site symmetries
of atoms. Hydrogen atom positions were calculated using O-H,
N-H and C-H bond lengths known from many neutron diffrac-
tion structural studies, viz. 0.99, 1.01 and 1.09 A respectively.
Multipoles to order four (hexadecapoles) were employed on
the copper and carbon atoms, to order three (octapoles) on the
other non-hydrogen atoms and to order unity (dipoles) on the
hydrogens. Neutral atom form factors derived from Clementi
and Roetti constants'® were used. Two expansion/contraction
parameters (x) were introduced for non-hydrogen atoms, with
one pertaining to the spherical portion and another for all the
aspherical functions for each type of atom. For the hydrogen
atoms a single value of 1.16, which was not refined, was
adopted.!! Details of the refinement are given in Table 2. The
positional parameters and the equivalent ADP are presented in
Table S1 (ESI), bond lengths and angles in Table S2 (ESI). The
anisotropic ADP, the F J/F,,. and the XD multipole coef-
ficients are deposited in Table S3e—g. Residual density maps are
presented in the best-fit plane through the copper and glygly
ligand atoms for each of molecules A and B in Fig. 3a and 3b.
Maps of the Laplacian of the model density, for molecules A
and B respectively, are presented in the same planes (Fig. 4a and
4b) and also in the planes containing the copper and the two
oxygen atoms of water molecules bonded to it (Fig. 5a and 5b).

Valence orbital refinement

The 10 K data were also analysed using the modified multipole
approach where functions corresponding to real space hybrid



Table 2 Refinements of the X-ray data for Cu(glygly)(OH,),-H,O

T/K Model Weighting scheme N,¢ R,/ R,* X"

293 Sph.* w=SHELX97¢ 332 0.0248 0.0661 1.16
10 Sph.“ w=SHELX97¢ 332 0.0252 0.0608 1.10
10 Multi.? w=(c + 0.02F? + 5.0)* 800 0.0212 0.0460 1.36
10 V.O. w=(c+ 0.02F*+ 5.0)2 480 0.0223 0.0509 1.48

“ Spherical atom. * XD multipole.  ASRED valence orbital. w = [6*(F,,2) + (AP)* + BP), where P = (F,2 + 2F.,,.2)/3. ¢ Number of variables.
/ Reliability index, R, = X||Fops| — |Feaiel [Z|Foaiel for data with F2 > 26(F?). ¢ Weighted reliability index, R, = {Z[W(F s — F2eud FIE(F 2502 for all

data. " Goodness-of-fit.

Fig. 3 XD residual density maps for Cu(glygly)(OH,),"H,O in the
Cu—glygly—O4 best-fit plane. The contours are at 0.2 ¢ A%, solid lines
positive, dashed lines negative. (a) Molecule A. (b) Molecule B.

atomic orbitals adapted for the chemical environment of an
atom form the basis. The program ASRED,"” as recently
updated,” was employed. Hydrogen atom positions were
refined. The copper atoms were allowed 3d valence orbital func-
tions, with a “mixing” coefficient between the approximate t,,
and e, orbital sets and a diffuse 4s-like function. The oxygen,

Fig. 4 XD L(p) maps for Cu(glygly)(OH,),-H,O in the Cu-glygly-O4
best-fit plane. Contours are at zero and +(0.002, 0.004, 0.008) x 10", n=
0 to 5, ¢ A% solid lines positive (charge locally concentrated), dashed
negative (charge locally depleted). (a) Molecule A. (b) Molecule B.

nitrogen and carbon atoms had (sp?), (sp?) + p,, or (sp) + 2p,
functions as appropriate to their chemical binding. For each
such atom a single « variable modified the valence form factor.
The hydrogen atoms were allowed the single Is function!!
whose form factor was not refined. Again, the form factors were
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Fig. 5 XD Laplacian of the density maps for Cu(glygly)(OH,),-H,O
in the O4-Cu-OS5 plane. Contours are as for Fig. 4. (a) Molecule A.
(b) Molecule B.

derived from appropriate sets of Clementi and Roetti con-
stants.® A parameter to model multiple scattering as an
additional constant term in the intensity was included.' Details
of the refinement are given in Table 2. The positional and the
equivalent ADP are presented in Table S1 (ESI). The aniso-
tropic ADP and the F,_,/F,, are deposited in Tables S3h,i. The
hybrid orbital populations are presented in Table 3.

Topological analysis

Examination of the topological properties of the experimental
electron density was undertaken using the atoms-in-molecules
(AIM) approach of Bader.'* The PROPERTIES package of the
XD program was used to find bond critical points (bcp) and the
values of charge density (p) and the Laplacian (—V?p) at those
entities. The program TOPXD'!® was employed to integrate
over the atomic volumes defined by the zero-flux-density sur-
faces.'® The integrations were performed using a radial grid that
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was as fine as we could afford in view of the size and complexity
of the molecule. Reasonable precision of all the integrations
was obtained, as measured by the atomic Lagrangian,'® which
ideally should be zero. Values of the Lagrangian were mostly
about 107 a. u., but were as low as 107> a. u. in some cases.

For reference, a theoretical calculation at the MP2/6-31G*
level was performed on an isolated Cu(glygly)(OH,), mole-
cule with the relative atomic positions of Molecule A with the
Gaussian98 software.'” Topological analysis of the electron
density produced by this calculation was carried out with the
MORPHY98 '8 software.

Results

Details of the ambient temperature and 10 K spherical atom,
the multipole and the valence orbital refinements are given in
Table 2. Fig. 1 illustrates the two independent Cu(glygly)(OH,),
molecules with the numbering scheme employed and Fig. 2 the
unit cell contents. The fractional atomic positions, bond lengths
and angles, anisotropic ADP and the XD multipole coefficients
and their reference axes are set out in the ESI. The valence
orbital population parameters and associated information are
presented in Table 3. Atomic charges deduced by various pro-
cedures are listed in Table 4. Topological information at bond
critical points is presented in Table 5.

Discussion

Geometry of Cu(glygly)(OH,),

The unit cell contains Cu(glygly)(OH,), molecules and unco-
ordinated water molecules. These latter water molecules have an
important role in the extensive hydrogen bonding which stabil-
ises the crystal structure, but we do not follow that further here.
The copper atoms are 5-coordinate, but one of the two water
molecules involved has a much larger Cu-O distance than has
the other; Cu-05 2.3 A versus Cu-O4 1.96 A. The Cu-O5
bond lengths also differ between the molecules of types A and
B (0.06 A) whereas Cu—O4 is much more consistent (0.01 A)
and much closer to the glygly ligand donor oxygen value
(Cu-01, 1.98 A). It appears that the O5 water molecule is more
loosely held by its associated copper atom than is that of O4.

Roughly, O4 and the donor atoms of the ligand form a
square plane, the Cu atom lies about 0.2 A above this, with the
OS5 water molecule only approximately in the apical position of
a square pyramid, and varying between the two types of mole-
cule. The arrangement is shown in Fig. 1. The molecular
geometry is close to that predicted for M(tridentate)(uniden-
tate), systems by simple donor atom repulsion theory.’ In the
nomenclature used there, the experimental N2-N1-O1 angle is
100.2° (100°) and the normalised bite 1.32 (1.2), where the
values in parentheses are those predicted.

Apart from the distance and position of the OS5 water
molecule, the two types of complex ion in the crystal have very
similar geometrical features. At 10 K the Cu—X bonds, X = 04,
O1, N1, N2 differ by more than 0.01 A only for the N2 case,
where the difference is 0.02 A. The X-Cu—X' angles differ by
less than 1° except for one of those involving the rather more
loosely held N2 atom where a 3.5° difference (O4) is observed.
Within the glygly ligand itself the bond lengths are the same
within 0.01 A and the angles within 1.0°.

At Ol the Cu-O1-C1 angle is 115°, which is midway between
the 109.5° of tetrahedral geometry and the 120° of trigonal
stereochemistry. At N1 the Cu—N1-C2 and Cu-N1-C3 angles
are 116.5 and 119.7° respectively, fairly close to trigonal sym-
metry. At N2 the Cu-N2-C4 angle is 109.7°, close to the tetra-
hedral value. At C1 the O2-C1-O1 and O2-C1-C2 angles are
123.4 and 117.8° respectively, indicating trigonal geometry. The
same applies for C3 where the angles are O3-C3-N1, 126.4°
and O3-C3-C4, 119.6°.



Table 3 Valence orbital population parameters (¢) and related information for non-hydrogen atoms in Cu(glygly)(OH,),-H,0 at 10 K

CuA)  d, 1.583);  d. 1.613);  d,.
d. L17(3); 45 2.203);
(B) 1.74(3); 1.59(3);
1.16(3); 1.103)

04(A)  (sp) 1 1.67(3); 2 1.454); 3
(B) 1.69(3); 1.46(4);

05(A)  (sp) 1 1.64(3); 2 1.584); 3
(B) 1.70(3); 1.55(4);

0l(A)  (sp) 1 L.713); 2 1.754); 3
(B) 1.773); 1.71(4);

NI(A)  (py) 1 1.534); 2 L41(4); 3
(B) 1.57(4); 1.51(4);

N2(A)  (sp) ] 1.554); 2 1.36(4); 3
(B) 1.57(4); 1.41(4);

02(A)  (sp) 1 1.82(4) 2 1.754);  2p,
(B) 1.78(4); 1.82(4);

03(A)  (sp) 1 1.63(4) 2 1.593):;  2p,
(B) 1.71(4) 1.69(3);

ClA)  (pd) 1 1.02(5) 2 1.07(5); 3
(B) 0.91(5); 0.91(5);

A (pY) 1 1.24(5; 2 0.99(5); 3
(B) 1.18(5); 0.88(5);

c3A) (pd) 1 1.07(5); 2 L16(5); 3
(B) 0.95(5); 1.05(5);

c4A)  (spY) 1 1.385); 2 0.93(5); 3
(B) 1.32(5); 0.87(5);

06(A)  (sp) 1 1.40(5; 2 1.256); 3
(B) 1.48(5); 1.29(6);

k¢ x? z?
168G):  de . L783)

0.841) N2 NI
1.573): 1.65(3)

0.83(1)
1L673); 4 1484)  100(1) 05  Cu
1.65(3): 1L644)  1.01(1)
1643): 4 1614)  101(1) 04 Cu
1.48(3); 1.664)  1.01(1)
1.743); 4 1503)  1.021) Cl  Cu
1.62(3)- 1583)  1.02(1)
1.50(4):  p, 125(4)  1041) C2  Cu
1.52(4); 1.25(4) 1.05(1)
1274 4 1395)  1.021) C4 Cu
1.29(4); 1245)  1.01(1)
2.97(8): 1L041) Cl ol
2.99(8): 1.04(1)
3.27(8); 1L041) €3 NI
3.04(8): 1.06(1)
1105 p, 0395)  0941) 02 Ol
0.99(5): 0515 0.95(1)
1.06(6): 4 1.036)  1.031) CI NI
0.92(6): 0.956)  0.97(1)
107(6):  p, 0395)  096(1) O3 NI
0.90(6): 0.46(5  0.93(1)
1.00(6): 4 1.056)  1.021) C3 N2
0.93(6): 0.716)  0.93(1)
1.563): 4 1.573)  098(1) H2  HI
1.64(3): 1613)  0.99(1)

“ The form factor is calculated at xr rather than at r; x > 1 corresponds to a contraction of the electron density in real space. ® z is defined along the
vector along the line from the row-atom to the z-atom; x lies in the plane defined by z and vector from the row-atom to the x-atom, perpendicular to

z, and near that vector.

Multipole refinement

As measured by the reliability indices listed in Table 2, the XD
multipole treatment of the 10 K data produced a better refine-
ment than the spherical atom model, as expected. Owing to the
different weighting schemes of the spherical atom on the one
hand and the multipole and valence-orbital (identical) refine-
ments on the other, the goodness-of-fit cannot be used for the
comparison of the two types of refinement, as would be desir-
able. There are, of course, many more parameters varied in the
multipole approach, and not all are significant relative to their
least-squares uncertainties. The parameters show quite good
agreement between the two types of Cu(glygly)(OH,), com-
plexes, but they are not chemically transparent, and are not
discussed further here. For our purposes the main value of the
XD refinement is that it provides a basis for a topological
analysis of the experimental charge density within the AIM
approach.®

Valence orbital refinement

The application of the ASRED refinement procedure makes
assumptions about atom site symmetry in order to obtain
chemical transparency. In that way it is possible to reduce the
number of variable parameters relative to a multipole model
and to couch these parameters in chemically relevant terms.
The assumptions involved, of course, bring a reduction in rigor.
However, it is usually possible to obtain almost as good a fit to
the data as from the multipole treatment, as can be seen here in
Table 2.

In the present case, the ASRED procedure reduces the num-
ber of valence parameters (populations and x-values) of the
multipole model, from 562 to 160. Apart from the conditions
set out in the Refinements section above, the following assump-
tions were made about the valence hybridisations of the non-
copper and non-hydrogen atoms, based upon the bond angles
discussed in the Geometry section above:

non-carbonyl O; O1, O(4-6)
carbonyl O; 02, O3
secondary amine; N1
primary amine; N2
methylene C; C2, C4
carbonyl C; C1, C3

tetrahedral (sp®)
linear (sp) + 2p,
trigonal (sp?) + p,
tetrahedral (sp?)
tetrahedral (sp®)
trigonal (sp?) + p,

From the Geometry section the argument that O1 should be
treated as tetrahedral rather than trigonal is not clear since the
Cu-O1-C1 angle is 115° but as little Cu—O n-bonding seems
likely, that choice was made.

Agreement between valence orbital parameters

The valence orbital population parameters on the atoms of the
molecules labelled A and B in Table 3 show encouraging agree-
ment, except, as is usual, for the diffuse ‘4s’ component on
copper. The average Cu d-orbital disagreement is 0.08 (max
0.16) e and the average oxygen and nitrogen atom s,p disagree-
ment is 0.06 (max 0.16) e. On the carbon atoms the result is
poorer, with an average disagreement of 0.09 e dominated by a
single difference of 0.34 e located on C4. These disagreements
are about twice as large as the least-squares errors attached to
the parameters.

These results provide a direct guide to the reliability of the
determination of valence features by X-ray diffraction tech-
niques, and confirm the impression gained from previous
studies that the populations are consistent to 0.1 e or better and
that the least-squares errors involve serious underestimates.

The x-values associated with the populations also show
encouraging agreement; for Cu ;4 differs by only 0.01 between
the A and B molecules, for the oxygen and nitrogen atoms the
average s,p disagreement is less than 0.01 (max 0.02), but for the
carbon atoms it is 0.05. Again, the account for the carbon
atoms is much less consistent.
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Table 5 Electron densities (p) (¢ A~ and the Laplacian (L(p) =
—V3(p)) (e A% at the bond critical points in Cu(glygly)(OH,),H,O.
p", and L(p)™, refer to the theoretical calculation with the relative
atom positions of molecule A

Bond Pa PB P Li(p)a Lps  Ldp)"a
Cu-04 0.60 0.60 0.55 —-10.4 -9.8 -9.7
Cu-05 0.29 0.28 0.29 —4.1 -32 —-4.5
Cu-Ol 0.66 0.68 0.57 -9.8 -9.6 =17.5
Cu-N1 0.81 0.80 0.79 —11.6 —12.8 —8.8
Cu-N2 0.74 0.74 0.58 -6.9 =17.1 —6.6
0O1-Cl1 2.51 2.61 2.36 33.7 32.6 -04
02-C1 2.52 2.62 2.55 15.2 30.4 4.1
03-C3 2.33 2.19 243 30.3 18.5 8.6
NI-C2 1.90 1.89 1.82 21.4 17.7 19.3
NI-C3 2.42 2.37 2.45 11.4 33.0 20.5
N2-C4 1.56 1.78 1.66 8.7 13.8 16.0
Cl1-C2 1.79 1.86 1.74 15.9 18.2 15.5
C3-C4 1.77 1.80 1.75 21.2 12.6 15.8

Atomic charges

The concept of the charge on an atom bound to other atoms
does not have a sound physical base, but nevertheless continues
to attract chemical interest. Atomic charges from X-ray data
have been obtained mainly by the Stockholder method* and
by the monopole populations of a multipole refinement. The
sums of valence orbital populations have also been used.?"
Although these methods have recognised limitations which
mean the absolute values they produce are not reliable, they
have often been used to examine trends amongst atoms of a
given type in different chemical environments, and we do that
here. In view of the crudeness of the results, it was not con-
sidered meaningful to use the Stockholder method to assess the
charges of the hydrogen atoms.

The Bader AIM approach *® offers a more respectable possi-
bility, at least from the point of view of quantum mechanics. It
has been employed to analyse electron densities corresponding
to the wave functions of theoretical calculations, but unfor-
tunately there are considerable technical difficulties in applying
it to densities derived from the structure factors of an X-ray
experiment,? and the calculations required are lengthy. Recent
publications 26 describe work in this area. The program
TOPXD ' has been made available to us and we have extended
its application to the present Cu(glygly)(OH,),-H,O data.

It is often found in studies such as the present that the
charges on appropriate groups of atoms are conserved more
consistently than are those of the individual atoms. In that vein,
the charges on the water molecules associated with O4, OS5 and
06 also are listed in Table 4.

Stockholder charges. For Cu(glygly)(H,0),-H,O the Stock-
holder partitioning yields formal charges that have modest con-
sistency between molecules A and B (Table 4), but no chemical
relevance. The charges deduced are all relatively small, less than
unity. The copper atoms come out negatively charged, the oxy-
gen and carbon atoms both show both positive and negative
values, while the nitrogen atoms are the most negative. They are
not discussed further.

Multipole monopole charges and dipole moments. The mono-
pole charges of 2.8 e for the copper atoms, given in Table 4,
although consistent between molecules A and B, are chemically
unacceptable. The monopole charges on the oxygen atoms
agree fairly well between molecules A and B, and are all small
and positive (0.14 to 0.37 e) and so do not conform with chem-
ical expectations. The expected shift of electrons onto these
electronegative atoms is not seen. The nitrogen atom charges
also do not conform with expectations for an electronegative
atom, with both N1 and N2 little different from zero (—0.10 to
0.13 ¢). The carbon atoms agree less well between the two mole-

cules and they deviate from chemical sense in that they are
mostly negative (—1.3 to 1.5 e) although attached to more
electronegative oxygen and nitrogen atoms. The hydrogen atom
charges are mostly quite small and positive (—0.02 to 0.65 e),
and there is no obvious correlation with the electronegativity of
the attached atom. Altogether, it seems that the monopole
populations are not valuable in even tracing trends in this study.

The charges of the water molecule show good consistency
between atom sets A and B, with an average difference 0.04 e.
The molecules based on O4 and OS5, bound to the copper ion,
have essentially the same charge, 0.46(1) e, and this is distinctly
lower than that of 0.65 e on the “free” O6 based molecule. It
seems that indeed, at least for these water molecules, group
monopole charges are more reliable than those of individual
atoms.

The multipole refinement results also allow the possibility of
calculating effective dipole moments for groups of atoms,
although charged, by using an established charge scaling
procedure.”” The method was applied here to the three water
molecules in the structure, H,04 and H,05 bonded to Cu and
“free” H,06, to examine whether the dipole moment might
reflect their bonding situation. The dipole moment of the gas-
eous H,0 molecule is 6.16 x 107* C m. The values obtained
were: H,04 (7.5, 6.2), H,05 (2.8, 5.5) and H,06 (5.4, 5.1)
C m x 107, The pairs of numbers within parentheses are
respectively for atom sets A and B. Since the dipole moment
of the “free” water molecule, close to that of the gaseous mole-
cule, lies between those for the two bonded molecules, no
correlation between that property and the amount of inter-
action with the copper ion is apparent. Perhaps the much larger
disagreement between the A and B atom sets for the H,05 case
arises because of the relatively large difference (0.06 A) in
Cu-O5 bond lengths.

Valence orbital charges. The valence orbital based charges
of Table 4 make somewhat more sense than those of the
Stockholder and monopole analyses, but are still scarcely suf-
ficient to be of chemical value. Although the agreement between
molecules A and B for the copper atom is poor because the
‘4s’ component is not well defined, the average result of +1.5¢
is reasonable. The poor accuracy of the ‘4s’ population arises
because its diffuse nature means that it is defined by only a
relatively few reflections at low values of 26, and these,
although possibly quite intense, then tend to be affected by
extinction.

The oxygen atoms are negatively charged, except for O6 of
the ‘free’ water molecule, with fair agreement between values
for the two molecules (average disagreement 0.15 ¢). No differ-
ence between types of oxygen atom, viz. the water molecules,
the glygly-O1 and the carbonyl-O atoms, can be distinguished.
The average charge is —0.43 e. The nitrogen atoms are, on
average, more negative than the oxygen atoms, —0.67 e, with
somewhat better consistency. The carbon atoms are less con-
sistent than the oxygen atoms between A and B molecules, but
range from negative to positive, with an average charge of
+0.20 e.

The hydrogen atoms show good consistency between the two
molecules, with an average disagreement of 0.07 e. The charges
are mostly small (—0.07 to 0.52 ¢) but there is some correlation
with the electronegativity of the attached atom: average charge
for H(O) = 0.24, for H(N) = 0.12, for H(C) = —0.04 e.

Thus, overall, the copper atom has, as expected, somewhat
less than the formal +2 charge, the electronegative oxygen and
nitrogen atoms are indeed negatively charged, but O less than
N, and the carbon atoms are near neutral, as expected. The
hydrogen charges are small, as is reasonable, and vary sensibly
with the electronegativity of the attached atom.

In contrast to the monopole results, the water molecule
charges show rather poor consistency between atom sets A
and B, with an average difference of 0.26 e. The molecules based
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on O4 and O3, bound to the copper ion, have an average charge
0.09(5) e, and this, in spite of the poorer overall agreements, is
significantly lower than that of 0.51 e on the “free” O6 based
molecule. This was seen also for the monopole based charges.

Atoms-in-molecules charges. The AIM charges generally
agree better between the two molecules A and B than for the
other methods of charge assessment. For example, the average
disagreement of the oxygen atoms is 0.08 e and for the copper
atoms it is only 0.003. For the trigonal nitrogen atoms and the
carbon atoms of the ligand the difference is larger, as much as
0.4 e. Of course, some inequalities must be expected on account
of the non-vanishing differences in bond lengths and angles of
the two molecules. However, although there are some interest-
ing agreements, overall the charges do not conform to chemical
expectations any better than do those from the valence orbital
populations.

The copper atoms have the small positive charge of about
0.2 e, which might be thought to be rather low as, for example,
topological analysis of the theoretical calculation results for an
isolated molecule leads to a copper atom charge of +1.21 e.

The average oxygen atom charge is —0.95 e, which is very
sensible but is not as negative at that of the less electronegative
nitrogen atoms, average —1.25 e. There is some consistency with
chemical environment in that O1 and O2 of the carboxyl group
are the most negative (~—1.2 e) and O6 of the isolated water
molecule is the least negative (—0.7 ). The O4 and OS5 of the
two coordinated water molecules together with the carbonyl O3
all have a charge of about —0.9 e, with the longer Cu-O bond
length for OS5 relative to O4 apparently having no effect.

The nitrogen atoms are the most negative and show marked
differences between members, with the trigonal amido N1 —1.5
and the amino N2 —1.0 e. For reference, topological analysis of
the experimental X-ray data for NH; using TOPXD yielded an
AIM integrated charge? of —1.5 e for the nitrogen atom.

Although there is a relationship with chemical environment,
the carbon atom charges are very varied, —0.87 to 1.43 e, and
some are chemically unacceptable. C1 and C3 of the C=0
groups have the positive charge expected for binding to the elec-
tronegative oxygen atoms, but it seems unreasonably large at
~1.0 e. The charges of the methylene carbon atoms C2 and C4,
bound to a nitrogen and another carbon atom, are slightly
negative, average ~—0.3 e, whereas a similar positive result
might have been expected.

The hydrogen atom charges larger than the multipole and
V. O. results show an interesting correlation with the electro-
negativity of their attached atom with, as averages: H(O) =
0.64, H(N) = 0.44 and H(C) = 0.09 e. For reference, from
experiment the integrated AIM charges for hydrogen in oxalic
acid hydrate® were 0.3 (OH) and 0.4 (OH,) e and for NH,
0.5 €2 For the amino H atoms of p-nitroaniline 0.47 e was
deduced.'® From a series of ab-initio calculations in a variety of
A(OH), molecules*® (A = Be, B, C) the hydrogen atom charges
ranged from 0.42 to 0.69 e. Thus the results of Table 4 for
hydrogen atoms are not unusual.

As for the monopole results, although not to the same extent,
the water molecule charges show good consistency between
atom sets A and B, with an average difference 0.04 e. The mole-
cules based on O4 and OS5, bound to the copper ion, have an
average charge 0.40(3) e, and this again is significantly lower
than that of 0.59 e on the “free” O6 based molecule, as for the
monopole and valence orbital cases.

Valence orbital populations

Although, as seen in the preceding section, the total valence
orbital populations on various atoms do not define atomic
charges well, their relative values are quite informative.

On copper, the ‘4s’ populations do not merit discussion, but
the 3d values of Table 3 are useful. When the Cu(glygly)(OH,),
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molecule is approached from the point of view of ligand field
theory the obvious description is as an ‘octahedral’ complex
in which one ligand, that opposite to the O5 water molecule,
has been ‘lost’. Since the coordinate axis system on copper
was chosen with z along the Cu-N1 direction (approximately
04-Cu-N1) a simple ligand field theory treatment predicts
that, for the relevant d° configuration, the ‘hole’ in the d*° shell
should be in the d.. orbital, with the other four 3d orbitals filled.
This is indeed seen in broad terms; the d,,, d,., d,. and d.. _
orbital populations average 1.65 e (mean deviation 0.06 e),
while for d.. the average is 1.16 e.

For the oxygen atoms there is good agreement between indi-
vidual orbital populations for molecules A and B, with a mean
difference of 0.06 e. However, within a given oxygen atom no
particular pattern is apparent between the populations of dif-
ferent sp hybrid orbitals, or for that matter the p, orbitals of the
carbonyl oxygens O2 and O3. The average deviation from the
mean of 1.60 e is 0.10 e, so that they are equally populated.
However, since the orbitals are all nearly fully occupied (1.5 to
1.8 e) any differences could not be expected to be large. As
shown by the charges discussed above, there is a distinctly lower
overall population on O6 of the ‘free’ water molecule and a
slightly higher one on the glygly oxygen Ol1, but no large differ-
ence amongst the values within each. The longer Cu-O5 bond
relative to Cu—0O4 presumably reflects a looser attachment of
the O5 water molecules, but this is not reflected in the respective
hybrid orbital populations. Within the carbonyl oxygens, O2
and O3, the two p, orbitals are populated equally with the two
(sp) hybrids.

The position for the nitrogen atoms N1 and N2 is similar to
that for the oxygens. The mean difference between molecules A
and B is 0.05 e and the average deviation of the sp” and p,
populations from the mean of 1.41 e is 0.11 e. The p, orbital on
N1 may be less populated than the sp* hybrids but the effect is
scarcely at a level of significance. The populations of the four
orbitals add up to about 0.8 e less than is the case for the oxygen
atoms and that, of course, reflects the fact that nitrogen has one
fewer valence electrons than has oxygen, and a relatively similar
electronegativity.

Although the definition of the carbon atoms is poorer, the
mean population difference between molecules A and B being
0.12 e, on the C1 and C3 carbonyl-C atoms there is a feature
of interest. Over all the sp” hybrids of C1-C4 the average
population is 1.02 e, with a mean deviation of 0.11 e, as for the
oxygen and nitrogen atoms. However, the p, populations of C1
and C3 are much lower, 0.44 e with a mean deviation of 0.05 e.
It seems that here we are able to see clearly the concentration of
electrons into the o-bonding system on the carbonyl carbon
atoms at the expense of a weaker n-bonding system. The four
valence orbital populations sum to about 2.3 e less than for the
oxygen atoms, consistent with the two fewer valence electrons
and the lower electronegativity of carbon.

Topological analysis

Electron densities at bond critical points. The PROPERTIES
facility of the XD program was able to locate bond critical
points (bcp) in the electron density of the Cu(glygly)(OH,),
molecules for all the relevant non-hydrogen atom interactions,
as shown in Table 5. It also located the topologically neces-
sary ring critical points. The agreement of the values for the
densities at these points for the bonds in molecules A and B is
quite good, with an average difference of 3%. There is also
modest agreement with the theoretical values calculated for
molecule A for nearly all the bonds. The experimental bcp
densities in the Cu-O and Cu-N bonds are in the range 0.3 to
0.8 ¢ A%, Experimental values have been reported for few other
metal-donor atom systems. The most relevant seem to be 0.65
and 0.76 ¢ A~ for Ni-N bonds,*' 0.46 [0.52] ¢ A~ for Co-As
bonds,?* 0.93 [0.91] e A for Co-C bonds and 0.55 for



Ni—C bonds** (figures in square brackets are from theoretical
calculations). These values are all consistent with bonding
which is of mixed ionic/covalent character.*> The experimental
values we obtained seem reasonable in this light. The bcp dens-
ity for Cu—OS5 (average 0.29 e A7 is distinctly lower than that
for the Cu—04 and Cu-O1 bonds (average 0.64 ¢ A~?) and this
is significant and presumably reflects the weakness of the longer
Cu-O5 bond.

The O-C, O=C, N-C and C-C bcp densities are larger than
those involving Cu, ranging from 1.6 to 2.6 ¢ A~>. The higher
values are consistent with the largely covalent nature of the
bonding here. Some relevant experimental results for transition
metal complexes for comparison are: 3.6 ¢ A~ for N=O
bonds,*' 3.4 e A3 for C=0 bonds** and 1.7 t0 2.6 e A~* for C-C
bonds.** Results from several charge density studies of metal-
free small peptide compounds have been presented and
reviewed along with others from the literature.**** There is seen
to be rather good consistency in p, for all these bonds. The
bonds lay in the ranges now given; the figures in paren-
theses are from our present study and those in square brackets
from a theoretical calculation.*** O-C bonds 2.38 to 3.02
(2.65) [] ¢ A3, O=C bonds 2.59 to 2.96 (2.53) [2.75] ¢ A3,
N-C(H,) bonds 1.70 to 1.90 (1.80) [1.88] e A3, N-C(O) bonds
2.25 to 2.46 (2.34) [2.26] ¢ A~*, and C—C bonds 1.65 to 1.80
(1.80)[1.88] ¢ A~

Laplacian at the bond critical point. The Laplacian, L(p) =
—V?p, provides a sensitive and informative probe of chemical
bonding features, particularly at a bep®® (L(p)). Analysis of
theoretically generated densities shows that covalent bonding
leads to large positive values of L(p) and ionic bonding to
negative values. Experimental results reflect this, although
quantitative agreement with theoretical values is not obtained.

For the Cu(glygly)(OH,), molecules the agreement in the
Laplacian between molecules of A and B types at the Cu-O and
Cu-N bep’s is reasonably good, and the values, L (p) = —3 to
—13 e A7, fall in the range found by experiment for other M—L
systems, and reflect a mixed ionic/covalent situation. For
example, L (p) has been reported as —5 ¢ A~° for Ni-C bonds,*
~—8 e A3 for Ni-N bonds,*! —4 e A~° for Co—As bonds,*? and
—12 ¢ A~® for Co-C bonds.> We find L (p) for the Cu-O5
bonds (—3.6 ¢ A~%) is much smaller in magnitude than for the
other Cu—O and Cu—N bonds (average —9.8 ¢ A~°, mean devi-
ation 1.9 e A’S) and this, as for the density discussed in the
previous section, presumably reflects the weakness of the longer
Cu-O5 bond. The agreement with the theoretical values for
molecule A is little better than qualitative.

The C-C bonds, of course, are the most covalent and they
indeed have large positive values of L.(p), 13 to 21 e A5, The
large scatter amongst their values has also been noted in other
studies involving C-C bonds in transition metal complexes;
for example, 11 to 22 ¢ A~° has been found.*® The Laplacian is
obviously very sensitive to the detail of the electron distribution
in highly covalent systems.

The more polar, but still largely covalent O-C and N-C
bonds mostly show values of L. (p) larger than those for the
Cu-L bonds and even larger than for the C—C bonds. They
range from 9 to 34, average 22, ¢ A~°. The values agree modestly
between molecules A and B but there is large scatter and one
cannot distinguish differences between bond types.

Similar results to the above have been seen for other metal
complexes, for example 29 ¢ A~ has been reported of C=0
bonds.** The charge density studies of small peptide mole-
cules 3% are also relevant here. The ranges of L.(p) reported are
given now, with again results from the present study in paren-
theses and from a theoretical calculation in square brackets:
O-C bonds 9.8 to 38.5 (38) [—] ¢ A~%, O=C bonds 15.8 to 31.9
(34) [—4.7] ¢ A=5, N-C(H,) bonds 5.6 to 14.4 (17) [19.4] e A3,
N-C(O) bonds 17.2 to 27.7 (14) [15.0] e A5 and C-C bonds
11.1 to 14.4 (16) [20.5] ¢ A 5.

Conclusions

The agreement between the valence orbital populations and
between the topological features of the bonding electron dis-
tribution for the two molecules of Cu(glygly)(OH,), is
encouraging, and confirms ideas about their reproducibility
when derived from charge density studies.

The estimation of atomic charges by any method is not of
predictive chemical value but those conforming best with chem-
ical expectations are based on the AIM and the valence orbital
population approaches. The valence orbital populations also
mostly conform quite well on an individual basis with simple
chemical bonding pictures. However, they are rarely sufficiently
accurate to differentiate between models. The exceptions are the
carbonyl C atom p, populations, which are noticeably lower
than the accompanying (sp?), values. The overall charges on
water molecules are more consistent, as each method yields a
lower charge for those bound to the copper ion than for the
“free” O6 based molecule. However, no distinction between the
04 and the less firmly bound OS5 based water molecules can be
drawn.

The values of the electron densities at Cu—O and Cu-N bcp
in the topological analysis are consistent with a mixed ionic/
covalent type of bonding interaction. The values at the bcp
between oxygen, nitrogen and carbon atoms are quite similar to
those found in small peptide molecules, and little influence of
the copper atom on these bonds is evident.

The values of L(p) at the bcp reinforce those conclusions
about bonding between copper and oxygen and nitrogen and
between pairs of the three light atoms. On account of the sensi-
tivity of the Laplacian to the detail of the electron density, the
scatter of the results is greater. The disagreement between
experiment and theory for the value of L (p) at the C=0O bcp,*
~30 versus —4.7 ¢ A3, is confirmed.
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