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Abstract: The crystal structure, quadrupole coupling parameters, and the orientation of the electric field
gradient tensors for each site of zinc formate dihydrate have been determined. There are two distinct sites
in the asymmetric unit: one containing four in-plane waters with two bridging formats, the other containing
six bridging formates. The solid-state NMR lineshapes have been assigned to their respective sites by
using isotopic labeling and cross-polarization methods. The hydrated site corresponds to the lineshape
having a quadrupole coupling constant (Cq) of 9.6 MHz and the anhydrous site has a Cq of 6.2 MHz. The
absence of chemical shielding contributions to the observed lineshapes has been verified with a high-field
solid-state NMR experiment performed at 18.8 T.

Introduction

Recognizing the importance of understanding the nature of
the zinc site in metalloproteins, Valley1 pioneered the surrogate
probe strategy by which they replaced the native Zn2+ ion with
another metal ion, e.g. Co2+/3+, with more favorable spectro-
scopic properties. As a result of this substitution, the UV/vis
electronic spectrum or its EPR could be examined as a means
to follow the chemistry at the metal site. We2 and others3 took
this same approach from the perspective of NMR spectroscopy.
That is, Cd2+ ions were employed as a surrogate probe for Zn2+

ions. Cadmium-113 being a spin1/2 nuclide makes it amenable
to all of the standard liquid and solid-state NMR methods.
Further, cadmium and zinc have similar chemistries and the
divalent metal ions are similar in size (i.e. 0.69 Å for Zn2+ and
0.92 Å for Cd2+). However, due to the size differences and the
fact that the chemistries are not identical, one should exercise
care in utilizing this strategy. The Parkin group has recently
noted significant structural differences when constructing
analogous models of cadmium and zinc.4 Given the potential

for problems, it is important to note that over the past thirty
years the surrogate strategy appears to be valid.

To test the limits of the surrogate probe method, we have
begun examining the67Zn NMR spectroscopy of compounds
where the Zn2+ sites are in a variety of coordination geometries.
From a recent survey of zinc coordination in protein structures5

it was shown that the Zn2+ metal sites are predominantly
tetrahedral, with a fair number of pentacoordinated sites in these
systems and some six-coordinate species. Those proteins that
use zinc catalytically also tend to have water as at least one of
the ligands. It is therefore of fundamental interest to understand
the effects of water on the electronic environment of the zinc.
It was shown in the previous cadmium work that water
molecules had a strong deshielding effect on the metal. In fact,
several single-crystal studies of cadmium-oxo compounds
brought forth some correlations between shielding tensor
elements and structure:6 (i) tensor elements of like magnitude
have similar orthogonal environments; (ii) the most deshielded
element is aligned nearly orthogonal to planes containing water;
(iii) if water oxygens are not present in the coordination sphere,
then the least shielded element is oriented to maximize the
shortest Cd-O shielding contributions; and (iv) the most
shielded tensor element is nearly perpendicular to the longest
Cd-O bond. The first two rules take an explicit understanding
of the physics of the shielding interaction, namely it arises via
a vector cross product between an angular momentum operator
and coordinate vector. The last two rules relate the ability of
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oxygen ligands (other than water) to “direct” the projection of
a component of the shielding tensor along a given bond axis.
These empirical rules have been extended to other atoms bonded
to cadmium, such as cadmium-sulfur or cadmium-selenium
coordination systems by Santos et al.7 and others.8,9 In each
case, the applicable paradigms have proven to be generalized
to these other ligand systems.

Of particular interest was the113Cd single-crystal NMR study
of cadmium formate dihydrate where there are two chemically
distinct cadmiums per asymmetric unit.10 One of the sites has
the metal coordinated by a plane of four waters and two bridging
formats, while the other cadmium site contains six bridging
formates. Hence, the formates are good candidates to investigate
the consequences of replacing neutral waters with charged
ligands on the shielding and/or the quadrupole coupling tensors
(for cadmium or zinc, respectively). As cadmium and zinc form
isomorphous formates11 one can make a direct comparison of
the structural consequences of hydration on cadmium shielding
and zinc quadrupole tensors. The quadrupole coupling constants
have been determined for each site of zinc formate and found
to be different, 9.5 and 6.1 MHz.12 The challenge then is 2-fold,
first to assign the electric field gradient (EFG) tensors to each
site and then to orient the tensor in the molecule fixed frame of
the zinc. In this work we present an X-ray crystal structure for
zinc formate dihydrate, an assignment of the two sites using
cross polarization and selective isotopic labeling, and a single-
crystal NMR experiment determining the alignment of the EFG
tensors in the crystal frame.

Experimental Section

X-ray Crystallography. Crystal data and details of data collection
are given in Table 1. The crystal used in diffraction analysis was
mounted inside a thin-walled glass capillary. Diffraction measurements
were made on a Rigaku AFC6S automatic diffractometer by using
graphite-monochromated Mo KR radiation. The unit cell was deter-
mined from 15 randomly selected reflections obtained by using the
AFC6 automatic search, center, index, and least-squares routines. All
data processing was performed on a Silicon Graphics Indigo2 computer
by using the TEXSAN structure solving program library obtained from
the Molecular Structure Corp., The Woodlands, TX. Lorentz-polariza-
tion (Lp) corrections were applied. Neutral atom scattering factors were
calculated by the standard procedures.13a Anomalous dispersion cor-
rections were applied to all non-hydrogen atoms.7b An absorption
correction (DIFABS) was applied. Full-matrix least-squares refinements
minimized the function:

wherew ) 1/σ(F)2 andσ(F) ) σ(Fo
2)/2Fo, and

The crystallographic space groupP21/c was uniquely identified by
the patterns of systematic absences observed during the collection
ofintensity data. The structure was solved by a combination of direct
methods (SIR92) and difference Fourier syntheses. All non-hydrogen
atoms were refined with anisotropic thermal parameters. All hydrogen
atoms were located. The formate hydrogen atoms were refined with
isotropic thermal parameters. The hydrogen atoms on the water ligands
were included in fixed positions.

Solid-State67Zn NMR. The samples utilized for NMR were labeled
with 67Zn at 88% (Cambridge Isotopes). The67Zn powder spectra were
acquired at ambient temperature utilizing both a Varian Unityplus

spectrometer with a wide-bore Oxford Instruments magnet operating
at 11.7 T (500 MHz for1H and 31.297 MHz for67Zn) and a Varian
UnityInova spectrometer with a medium-bore (63 mm) Oxford Instru-
ments magnet operating at 18.8 T (800 MHz for1H and 50.048 MHz
for 67Zn). The respective NMR probes used were a 5 mmDoty Scientific
(DSI; Columbia, SC) wide-line probe and a home-built14 5 mm wide-
line probe. The pulse sequences used were quadrupole echo (QE)15

and cross polarization (CP)16 combined with a quadrupole echo. Pulse
widths for the DSI probe were 3µs π/2 for 1H during CP and a 3.4µs
π pulse, selective for the(1/2 transition for67Zn (5 µs nonselective,
1.7 µs selectiveπ/2 pulse). The selective pulse widths used at 18.8 T
were 1.8 and 3.6µs, respectively, in a QE sequence. Single-crystal
NMR measurements were made on the Unityplus 500 spectrometer using
a Doty Scientific single-crystal probe. The pulse sequence used was
the QE sequence with selective pulse widths of 1.8µs and 3.6µs for
the π/2 andπ pulses, respectively. Analysis of the single-crystal data
was performed with the program ASICS17 and the high-field powder
spectrum was analyzed with STARS18,19on a SUN Microsystems Ultra
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∑hklw(|Fo| - |Fc|)2

Table 1. Crystal Data for the Structural Analysis of Zinc Formate

formula Zn2(HCO2)4(H2O)4

formula weight 382.89
crystal system monoclinic
lattice parameters
a (Å) 8.703(2)
b (Å) 7.154(2)
c (Å) 9.315(2)
R (°) 90.0
â (°) 97.63(2)
γ (°) 90.0
V (Å3) 574.9(2)
space group P21/c (no. 14)
Z (no. of molecules/unit cell) 2
Density (calc) (g/cm3) 2.21
µ (Mo KR) (cm-1) 4.23
temp of data collection (°C) 20
2Θmax (deg) 55.0
no. observations used (I > 3σ(I)) 1081
no. of variables 94
max shift/error on final LS cycle 0.00
goodness of fit (GOF)* 1.26
residuals:a R; Rw 0.027; 0.057
absorption correction difabs
largest peak in final diff. map (e-/Å3) 0.38

a R ) ∑hkl(||Fobs| - |Fcalc||/∑hkl|Fobs|; Rw ) [∑hklw(|Fobs| - |Fcalc|2)/
∑hklwFobs

2]1/2, w ) 1/σ2(Fobs); GOF ) [∑hkl(|Fobs| - |Fcalc|/σ(Fobs)]/(ndata
- nvari).

σ(Fo
2) ) [σ(Iraw)2 + (0.02Inet)

2]1/2/Lp
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10 computer. All zinc chemical shifts are referenced with respect to
0.5 M Zn(OAc)2 solution.

Results and Discussion

Solid-State Structure. The crystal lattice parameters of
several monoclinic formate dihydrates (including zinc) were
determined in 196311 and crystal structures for the magnesium
and manganese salts were reported the following year.20 The
reported zinc structure was not refined and only an approximate
structure obtained from a comparison of the intensities.11 The
two zinc atoms lie on crystallographic centers of symmetry.
Figure 1 depicts the structures of each site with the numbering
scheme to be used herein. Table 2 contains selected bond
distances and angles from the present work for each of the
respective zinc sites.

Both zincs have approximately octahedral coordination with
an average cis angle of 90° (deviations not exceeding(3°).
Each site also has similar bond lengths with one each longer
and shorter than the average of the Zn-O distances of each
respective site, and the third unique bond length is almost equal
to the average bond distance for that site. For each zinc the
longest Zn-O bonds form the link between the two sites, Zn-
(1)-O(1) and Zn(2)-O(2).

Solid-State NMR. The two sites of zinc formate dihydrate
have different quadrupole coupling values as one might expect
due to the different coordination environments; however, the

isotropic chemical shifts are nearly degenerate.12 To determine
which lineshape corresponded to which site we exploited the
presence of water in the first coordination sphere of Zn(2) by
using a combination of isotopic labeling (H2O vs D2O) and CP.
First the contact time dependence of the magnetization was
measured on the isotopically normal (67Zn enriched) material.
Then the sample was recrystallized repeatedly from D2O, which
effectively removed the proton source of the bound waters from
the CP experiment, and the time dependent CP experiment was
repeated. The results of the magnetization buildup from each
sample are shown in Figure 2. The sharp feature at the left-
hand side of the lineshape (marked by an asterisk), while present
in both data sets, builds up rapidly to equilibrium in the
protonated sample. This feature belongs to the broader of the
two lineshapes (Cq) 9.6 MHz andηq ) 0.45) thereby implying
that this zinc is the closest to the bound waters. Another piece
of evidence supporting this is the relative ratios of the two line-
shapes in each of the samples. In the hydrated material the broad
lineshape is pronounced over the deuterated sample, which
implies that it received more magnetization from the waters of
hydration.

The analysis of the single-crystal data provides additional
values for the quadrupole coupling parameters for each site that
are tabulated in Table 3.21 Figure 3 shows the rotation plots for
the z-axis of the goniometer with the respective fits for each
site. The deviations from the experimental data can be attributed
to the errors in the adjustments of the angles of the probe. The
analysis of these data allows us to project the principal axis of
the field gradient tensor back into the crystal frame. With the
bond angles and distances for each site being similar one might
expect that the field gradient tensors would be similar for each.
However, the differences observed can be attributed to the
characteristics of each type of ligand.

(19) Skibsted, J.; Nielsen, N. C.; Bildsoe, H.; Jakobsen, H. J.J. Magn. Reson.
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the fit of the data.

Figure 1. Structures of (a) the anhydrous site, Zn(1), and (b) the hydrated
site, Zn(2), of zinc formate dihydrate. The primed atoms have been generated
by symmetry.

Table 2. Selected Intramolecular Distances and Anglesa

Distances
Zn(1)-O(1) 2.150(2) Zn(2)-O(2) 2.166(2)
Zn(1)-O(3) 2.100(2) Zn(2)-O(5) 2.102(2)
Zn(1)-O(4) 2.071(2) Zn(2)-O(6) 2.052(2)

Angles
O(1)-Zn(1)-O(3) 87.31(6) O(2)-Zn(2)-O(5) 88.73(6)
O(1)-Zn(1)-O(3)′ 92.69(6) O(2)-Zn(2)-O(5)′ 91.27(6)
O(1)-Zn(1)-O(4) 87.27(6) O(2)-Zn(2)-O(6) 89.78(9)
O(1)-Zn(1)-O(4)′ 92.73(6) O(2)-Zn(2)-O(6)′ 90.22(9)
O(3)-Zn(1)-O(4) 89.50(6) O(5)-Zn(2)-O(6) 89.28(7)
O(3)-Zn(1)-O(4)′ 90.50(6) O(5)-Zn(2)-O(6)′ 90.72(7)

a Distances are in angstroms and angles are in degrees. Estimated standard
deviations in the least significant figure are given in parentheses.

Figure 2. Static CP with varying contact time for hydrated and deuterated
zinc formate dihydrate acquired at 11.7 T with a recycle delay of 5 s. The
asterisk marks a feature present only in the broader lineshape.

Table 3. Quadrupole Coupling Parameters for Zinc Formate
Dihydrate

site δiso
a Cq (MHz) ηq ref

Zn(1) -10 ( 5 6.05( 0.1 0.99( 0.1 12
Zn(1) -27 ( 5 6.24( 0.05 0.93( 0.05 this work; 18.8 T
Zn(1) -24 ( 7 6.34( 0.05 0.98( 0.01 this work; crystal
Zn(2) 0( 5 9.52( 0.1 0.62( 0.1 12
Zn(2) -15 ( 5 9.58( 0.05 0.42( 0.05 this work; 18.8 T
Zn(2) -26 ( 14 9.63( 0.06 0.45( 0.02 this work; crystal

a Chemical shifts are in ppm relative to 0.5 M Zn(OAc)2.
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For the hydrated site (Zn(2)), with the four waters around
the metal, theVzz element of the tensor was determined to lie
along the vector made by the axial formyl groups. As stated
earlier this corresponds to the longest Zn-O bond (2.166 Å)
for this site and this vector is nearly orthogonal to the plane
containing waters. Consequently both theVxx andVyy elements
lie nearly in the plane of the waters. The tensor element with
the next largest magnitude, theVxx component, is 30° from the
shortest Zn-O bond (2.052 Å). The orientation is plotted onto
the molecular frame in Figure 4.

The anhydrous site (Zn(1)), which has the six bridging
formates, also has theVzz element aligned nearly along a Zn-
Oformyl vector. However, for this site the vector is roughly 16°
from the Zn-O(4) bond, the shortest of the three at 2.071 Å.
This is in thebcplane (orthogonal to thea* axis) which consists
of a sheet of bridging formates. The tensor element with the
next largest magnitude,Vxx, is aligned near the longest Zn-O
bond, 2.150 Å. This element also lies in the plane formed by
O(1)-O(3)-O(1)′-O(3)′. Depicted in Figure 5 is a view of
the sheets made up of several unit cells. One can see the formate
sheets (the polyhedra) separated by the planes of hydrated
columns.

Examining both of these sites one might ask two questions:
if each site has all oxygens in the primary coordination sphere
with similar bond lengths, then why are the quadrupole coupling
parameters not similar; second, if there are four waters or four
bridging formyl groups in a plane around the metal, why are
the bond lengths within each plane so different? The first point
is easily understood as the consequence of ligation of the neutral
water species versus the charged formates. From the113Cd data
we know the most shielded element is oriented to maximize
the contribution from the longest Cd-O bond. Furthermore,
water is a stronger deshielding ligand than the formate anion
as the most deshielded element is oriented normal to the plane
of the waters.10 From this we can assume that the hydrated metal

center (for both cadmium and zinc) carries a slightly higher
positive charge than the anhydrous site. This in turn would
contribute to the stronger electric field gradient on the zinc for
the hydrated site.

An approximate view of the quadrupole coupling constant
has been provided by Slichter.22 In this treatment, theVzzelement
of the field gradient (and therefore Cq) is directly proportional
to 1/r3 and electronic charges (both internal and external). This
relation results in the sensitivity of Cq to charges that are closer
to the nucleus. Qualitatively, one can say that for two differently
charged nuclei each with identical point charges (of opposite
sign to the atom) an equal distance from the nucleus will have
different Cq values. Further, the site with the larger charge
differential for the same distance will have the larger field
gradient. This sensitivity of Cq to local charges can be utilized
to study bond hybridization or the degree of covalency.23

However, in this case even though the Zn-O bond distances
are similar between the sites, it is difficult to rationalize the
larger Cq of Zn(2) due to charges alone.

To address the second question of why are the same ligands
within the plane of each site are different, we can again refer
back to the cadmium analogue.24 It was observed that the
polymeric structure is supported by an extensive network of
hydrogen bonds. We note here that a similar network exists for
the zinc structure. Each water has a hydrogen bond to a formate
group and likewise each formate oxygen participates in a
hydrogen bond. The distances are given in Table 4. From the
table one can see that the strongest hydrogen bond (as reflected
by the shorter distances) exists to the bridging formate oxygen
of the hydrated site. Presumably due to steric constraints this
and the other oxygen of this group (which bonds to the other
zinc) represent the longest Zn-O bonds in the molecule. The
next strongest hydrogen bond also originates from the same
water molecule. This has the effect of weakening the formal
bonds between the water oxygen and its hydrogens (see Table

(22) Slichter, C. P.Principles of Magnetic Resonance, 3rd ed.; Springer-
Verlag: New York, 1978, 1990; Chapter 10.

(23) Dailey, B. P.; Townes, C. H.J. Chem. Phys.1955, 23, 118.
(24) Post, M. L.; Trotter, J.Acta Crystallogr.1974, B30, 1880.

Figure 3. Single-crystal rotation plots for thez-axis of the goniometer
and their respective fits of each set of data. Data points were taken from 0
to 180° in 9° increments.

Figure 4. Principal elements of the field gradient tensor plotted onto the
molecular frame for the hydrated site. TheVzzelement is nearly orthogonal
to the plane containing the water oxygens.

Figure 5. View of the polymeric lattice of zinc formate dihydrate with
polyhedra on the anhydrous sites. The planes formed by the water oxygens
are nearly in the plane of the paper.
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4), thereby strengthening its bond to the metal. Concomitantly,
the other oxygen on this bridging formyl group also has a long
Zn-O bond and a strong hydrogen bond from another water
molecule. However, the second hydrogen from this water has a
weak hydrogen bond to one of the formyl groups of the sheet
(again presumably due to steric interactions) that does weaken
the formate oxygen’s bond to the metal differentiating it from
the other bridging group making up the sheet structure.

An analogous hydrogen bonding network also exists for zinc
acetate dihydrate where the waters connect adjacent molecules
along theb andc axes to form sheet structures.25 From a recent
67Zn single-crystal NMR study we know that the largest two
components of the EFG tensor lie in thebc plane nearly along
each crystallographic axis.26 From this same work theVzz

component is nearly orthogonal to the plane made by the
“equatorial” acetate oxygens, while theVxx element bisects the
angle made by the waters and the zinc. While this structure is
more distorted relative to either of the two zinc formate sites,
the quadrupole coupling is lower here than for either of the
formates.26,27 This results from the uniformly longer Zn-O
bonds present in the acetate.

Also noted in the crystal study of zinc acetate dihydrate was
a modest shielding anisotropy that was not detected in the
powder lineshapes. The absence of shielding anisotropy in the
formate lineshapes was confirmed with a QE experiment at high
field, 18.8 T. Figure 6 depicts the resulting experimental and
simulated data. The contribution to the lineshapes from the
quadrupole coupling decreases as the field increases while the
CSA contribution increases. The fact that the overlapping
lineshapes can be simulated by using only the quadrupole
contribution at this field means that any CSA present has to be
smaller than our detection limits even at this field (<30 ppm).

Conclusion

The respective quadrupole coupling parameters have been
assigned to each site of zinc formate dihydrate. The structure
has been determined including all hydrogen positions, and the
electric field gradient tensor elements have been oriented into
the crystal frame. In much the same way as the cadmium single
crystal work facilitated correlations between NMR parameters
and structure, we can begin to see that there are going to be
trends by which we may predict quadrupole tensor orientations.
For instance it appears that theVzz component will be nearly

orthogonal to planes containing water. Also if water is not
present in the first coordination sphere thenVzzwill be oriented
along the shortest Zn-O bond. Clearly more single crystal work
is necessary to further support these tentative conclusions as
well as to determine the consequences of other heteroatoms in
the primary coordination sphere.

Finally, the existence of the extensive hydrogen bonding
network in the formate structure has limited our ability to
perform ab initio calculations of the EFG tensor for each site.
The predicted values for the EFG tensor elements did not show
evidence for convergence until we had formed structures
containing the equivalent of three or more unit cells. At this
point the calculation started to approach heroic proportions and
we elected not to attempt further calculations. It is clear the
role of the waters and their degree of hydrogen bonding are
critical in these calculations.
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Table 4. Hydrogen Bond Distances (Å)a

Zn(2)-O(5)-H(3) 0.67 H(3)‚‚‚O(4ii) 2.15
Zn(2)-O(5)-H(4) 0.76 H(4)‚‚‚O(1) 1.99
Zn(2)-O(6)-H(5) 0.93 H(5)‚‚‚O(2iii ) 1.86
Zn(2)-O(6)-H(6) 0.85 H(6)‚‚‚O(3ii) 1.95

a Superscipts refer to the symmetry-related positions: (i) x, 1/2 - y, 1/2
+ z; (ii ) x, 1 + y, z; (iii ) 1 - x, 1/2 + y, 1/2 - z.

Figure 6. Experimental (a) and simulated (b-d) powder lineshapes of zinc
formate dihydrate. Data acquired at 18.8 T using 1.8 and 3.6µs selective
π/2 andπ pulses respectively and a 1s recycle delay. Simulation parameters
are listed in Table 4. Spectra c and d are the individual lineshapes for Zn-
(2) and Zn(1), respectively.
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