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ABSTRACT: Structural differences in [V,Te,O;0],**" chain metrics are directly
ascribed to variations in noncovalent interactions in a series of organically
templated vanadium tellurites, including [C4H,;N;][V,Te,0,0]-H,O, [CsH 4N, ]-
[V,Te,0y0), and [C,H{,N,][V,Te,O;0]. The noncovalent interaction (NCI)
method was used to locate, quantify, and visualize intermolecular interactions in
[C,H,N,][V,Te,0,0] and [CsH ¢N,][V,Te,0,,]. Variations in the van der Waals
attractions between [1,4-diaminobutaneH,]** and [1,5-diaminopentaneH,]**
result in divergent packing motifs for these cations, which causes a reorganization
of N—H---O hydrogen bonding and variances in the [V,Te,0,,],”*" chain metrics.
The application of the NCI method to this type of solid-state structure provides a
direct method to elucidate the structural effects of weak noncovalent interactions.
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B INTRODUCTION

The chemistry of inorganic—organic hybrid materials has been
the focus of intense interest for decades because of their wide
range of technologically advantageous properties, astounding
compositional breadth, and exceptional diversity of structure.
Example families of these compounds include metal—organic
frameworks,' > supramolecular compounds,*~” and organically
templated metal oxides.*” The bonding in these materials is just
as diverse as their structures, with covalent, ionic, and
coordination bonds, hydrogen bonding, van der Waals forces,
and 77— stacking being observed in a single compound.
Structural analyses of inorganic—organic hybrid materials tend
to focus on covalent, ionic, and coordination bonds because such
interactions are easily identified and quantified using the heavy
atom positions obtained from X-ray diffraction experiments.
Similarly, O/N—H:--O hydrogen bonds typically can be defined
by anion—anion distances, and the range of observed angles is
small. In contrast, the contributions and effects of weaker
attractions, such as C—H---O hydrogen bonds, van der Waals
forces, and 7— stacking, are more difficult to quantify because of
the lack of an easily observable structural proxy for strength and a
greater uncertainty of the hydrogen atom positions. However,
these interactions are ubiquitous in inorganic—organic hybrid
materials and can exert considerable influence over structure. For
example, Desiraju et al. have clearly demonstrated the
importance of C—H:-O hydrogen bonds in a range of
systems.'®""® Assigning structural effects to these weaker
interactions can pose a challenge during structural analyses.
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The focus of this Article is the role of weak noncovalent
interactions in organically templated metal oxides. On the basis
of the experimentally determined crystal structures, noncovalent
interactions (NCI)'*'® were calculated for a series of organically
templated vanadium tellurites. NCI analysis uses qualitative
density functional theory and relies on the observation that
noncovalent interactions occur in regions where the electron
density, p, and its first derivative, specifically, the reduced density
gradient, are small. The reduced density gradient is represented
as
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Although NCI calculations have been extensively applied to gas-
phase molecular interactions,>'® the application of this method
to solids" is more recent. The applications of this method to
solids have focused primarily on organic molecular crystals'”*®
and alkali metal coordination complexes."” To our knowledge,
the only previous application to inorganic chemistry has been
work by Mellot-Draznieks and co-workers on zeolitic imidazolate
frameworks (ZIFs).”® In previous work, it has been found that
the sign of the second eigenvalue, 4,, of the electron-density
Hessian (second-derivative) matrix CllStlnglllSheS between
attractive (4, < 0) and repulsive (1, > 0) regions'* and that the
total electron density contained within a particular region of
space semiquantitatively describes the strength of the
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interaction.’® These NCI calculations allow for the location,
quantification, and visualization of individual N—H:--O and C—
H---O hydrogen bonds and weak ionic and van der Waals
interactions. In this Article, we present the use of this
computational technique to understand subtle structural differ-
ences in a series of organically templated vanadium tellurites that
contain a [V,Te,0,,],>"” chain. We are able to attribute specific
structural differences in [C¢H,,N;][V,Te,0,,]-H,O (1),
[CsH 6N, ][V, Te,010] (2), and [C,H N, ] [VzTezOm]z1 to
the interactions identified using the NCI method.

B EXPERIMENTAL SECTION

Materials. NH,VO; (99.99%), Na,TeO; (99.5%), 1-(2-
aminoethyl)piperazine (aep, 99%), and 1,5-diaminopentane (1,5-dap,
97%) were purchased from Aldrich and used as received. Deionized
water was used in these syntheses.

Synthesis. All reactions were conducted in 23 mL poly(fluoro-
ethylene-propylene)-lined pressure vessels. The pH values of the initial
reaction mixtures were adjusted to 8 using 2 M HCI. Reaction mixtures
were heated to 90 °C and allowed to soak for 24 h. The reactions were
then cooled to room temperature at a rate of 6 °C h™" to promote the
growth of large single crystals. Autoclaves were opened in air, and the
products were recovered through filtration. No additional crystalline or
amorphous reaction products were observed.

[CeH;7N51[V;Te;0,41-H,0 (1). Compound 1 was synthesized as single
crystals through the reaction of 0.2011 g (1.72 X 107> mol) of NH,VO,,
0.2223 g (1.05 X 10> mol) of Na,TeO5, 0.1238 g (9.98 X 10™* mol) of
aep, and 8.9400 g (4.97 X 107" mol) of water. Yellow blocks were
produced in 32.4% yield (based upon Te). IR data (cm™"): N—H, 1443,
1494, 1580; C—H, 3088; Te—0, 742; Te—O—Te, 424, 649; V—0, 914.
Elemental analysis observed % (caled %): C 11.00 (10.81), H 2.85
(2.90), N 6.31 (6.30).

[CsH N,I[V;Te;044] (2). Compound 2 was synthesized as single
crystals through the reaction of 0.1493 g (1.28 X 107> mol) of NH,VO,,
0.1391 g (6.57 x 10~* mol) of Na,TeO5, 0.0612 g (6.00 X 10™* mol) of
1,5-dap, and 9.0059 g (5.00 X 107" mol) of water. Yellow blocks were
produced in 40.68% yield (based upon Te). IR data (cm™): N—H,
1484, 1520, 1588; C—H, 2862; Te—O, 737; Te—0O—Te, 450, 689; V-0,
886. Elemental analysis observed % (calcd %): C 9.68 (9.74), H 2.41
(242), N 4.44 (4.42).

Single-Crystal X-ray Diffraction. Data were collected using a
Bruker AXS Smart Apex or an Apex II CCD diffractometer with Mo Ko
radiation (4 = 0.71073 A). A single crystal was mounted on a Mitegen
micromesh mount using a trace amount of mineral oil and cooled in situ
to 100(2) K for data collection. Frames were collected; reflections were
indexed and processed, and the files were scaled and corrected for
absorption using APEX2.>* The heavy atom positions were determined
using SIR92.>* All other non-hydrogen sites were located from Fourier
difference maps. All non-hydrogen sites were refined using anisotropic
thermal parameters using full-matrix least-squares procedures on F,>
with I > 36(I). Hydrogen atoms were placed in geometrically idealized
positions. All calculations were carried out using Crystals, version
14.23¢.** Relevant crystallographic data are listed in Table 1.
Crystallographic disorder within the organic component in 1 was
modeled using 50% occupancies for 06, N1, Cl1, C2, C4, C5, H1-H§,
and H9—H17.

Powder X-ray Diffraction. Powder diffraction patterns were
recorded on a GBC-Difftech MMA powder diffractometer. Dry
powdered samples were packed into sample holders. Samples were
mounted on glass plates. Calculated powder patterns were generated
from single-crystal data using ATOMS, version 6.0.>° Powder X-ray
diffraction patterns were consistent with those predicted from the
refined structures of 1 and 2. No evidence of additional phases was
observed.

Infrared Spectroscopy. Infrared measurements were recorded
using a PerkinElmer FT-IR Spectrum 1000 spectrophotometer. Samples
were diluted with spectroscopic grade KBr and pressed into pellets.

Scans were collected over the range of 400—4000 cm™L
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Table 1. Crystallographic Data for Compounds
EC)6H17N3:| [VyTe;040]'H,0 (1) and [CsH 6N, ][V, Te, 0]
2

[C6H17N3J [VzTezom] -H,O [CsHlsNz] [VzTezom]
compound (1) (2)
formula C¢HoN;0,,Te,V, CsH 4N,0,yTe,V,
fw 666.31 62127
space group C2/c¢ (No. 15) P-1 (No. 2)
a(A) 25.42(3) 7.5506(3)
b (A) 5.759(8) 8.9255(4)
c(A) 12.008(16) 11.4699(5)
a (deg) 90 93.4986(16)
S (deg) 107.141(16) 93.7112(15)
7 (deg) 90 96.8662(15)
V (A%) 1680(4) 763.99(3)
Z 4 2
P (g cm™) 2.634 2.701
A1 (A) 0.71073 0.71073
T (K) 100 100
u (mm™) 4.575 5.014
R/ 0.0414 0.0126
wR,” 0.0973 0.0375

“Ry = Y||E| = IF.||/ I "wR, = [Yw(E.2 — E2))/[ Sw(F,2)*V2

Bond Valence Sums. The hydrogen-bonding networks present in
compounds 1 and 2 were analyzed using bond valence sums.*® All
calculations were carried out using parameters compiled by Brese and
O’Keeffe.”” Complete tables of bond valence sums for each compound
are available in the Supporting Information.

Electronic Structure Calculations. Solid-state electronic structure
calculations were carried out using ABINIT, version 6.4.1.2%?° ABINIT
calculations used the Perdew—Burke—Ernzerhof generalized gradient
approximation (PBE-GGA) exchange-correlation functional, norm-
conserving Troullier—Martins pseudopotentials, a planewave basis set
with an energy cutoff of 25 hartree, a 6 X 6 X 6 Monkhorst—Pack k-point
sampling grid, and experimental crystal structures. Electron localization
functions (ELFs) were calculated from the self-consistent valence
electron densities and visualized using Vesta, version 3.1.7.%°

Noncovalent Interaction (NCI) Index Calculations. NCI
analyses were carried out using CRITIC 2, version 1.0,31’3’2 to generate
promolecular densities using the default numerical free atom densities.
The spatial distribution of a particular interaction can be described in
terms of a region in space, Q(NCI), that is defined by the values and
upper bound of s and a range of sign (4,)p. Plotting the isosurface
defined by these bounds shows the spatial location of the interaction;
coloring of the isosurface, as a function of the sign (4,)p value, indicates
the qualitative strength of the interaction.*® A semiquantitative estimate
of the interaction energy can be determined by integrating

— ") d7
1 /gz(NCI)p(r) ' ()

where n =4/ 3 is an empirical constant that was identified as giving the
best agreement between the MP2 calculations of hydrogen bonds and
the NCI interaction energy. Values of n = 1, S/ 3 and 2 also give
qualitatively similar results. Ratios of q for the two structures were
calculated to show the relative strengths of the interactions at play either
between the two structures or within a given structure. Interaction types
(ionic, hydrogen bonding, or van der Waals) were identified through the
extraction of isosurfaces for each peak. The integrations were carried out
numerically by integration over a cubic grid with 0.1 au increments. The
extraction of isosurfaces corresponding to particular interactions and the
integration of interaction strengths were carried out using Mathematica,
version 10.0.0.0 (Supporting Information), and visualized using Vesta,
version 3.1.7.
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Figure 1. [V,Te,0,,],>"" chain connectivities in (a) [C,H,,N,][V,Te,0,,] and 1 and (b) 2. Orange, green, and red spheres represent vanadium,

tellurium, and oxygen, respectively.

B RESULTS

Compound 1 contains one vanadium site, in the form of a [VO,]
tetrahedron. A single V—Oy,ina bond is observed, with a length
of 1.630(6) A, whereas the V=Olyigging distances span 1.661(5)—
1.846(5) A. [Te,O4] dimers are present in 1, with Te—O
distances of 1.895(5)—2.710(6) A. All vanadium and tellurium
centers are formally V** and Te*, respectively. The [Te,Og]
dimers are connected to the [VO,] tetrahedra, forming
[V,Te,04],2"" chains that are isotypic of those observed in
[CyH 4N, ][V, Te,04] (Pigure 1)~21

Compound 2 contains both [VO,] and [VO;] environments,
with V—=Oj¢ming bond lengths of 1.6343(13) and 1.6400(12) A,
respectively. The V—Oyqqin, distances are generally longer, with
distances between 1.64836g 12) and 2.5814(12) A. [Te,0,]
dimers are present in 2, with Te—O distances of 1.8678(11)—
2.6077(12) A. All vanadium and tellurium centers are formally
V** and Te*, respectively. The [Te,0,] dimers in 2 are also
connected to the [VO,] and [VOs] polyhedra to form related
[V,Te,0,0],2"" chains (Figure 1). The bonding networks in 1
and 2 were probed using bond valence sums.***” The calculated
'S, values for each cation correspond to their formal oxidation
states, with vanadium and tellurium values of 4.96—5.03 vu and
3.95—4.15 vu, respectively. Full tables of bond valence sums for 1
and 2 are available in the Supporting Information.

The [V,Te,0,,],>" chains in 1 and 2 are related to those in
another recently reported compound, [C,H;,N,] [V,Te, 0,02
The [V,Te,0y0],>"" chains in 1 are directly analogous to the
chains in [C,H,N,][V,Te,0,,], whereas distortions in the
[V,Te,0,0),2"” chains in 2 result in a related but distinctly
different chain connectivity. Selected interatomic distances are
provided in Figure 2, whereas complete tables of bond distances
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are available in CIF format in the Supporting Information. The
bonding metrics in 1 and [C,H,N,][V,Te,0,,] (Figure 2ab,
respectively) are nearly identical, and the [V,Te,0,,],*" chains
in both of these compounds are constructed from [VO,]
tetrahedra and [Te,Og] dimers. In contrast, the [V,Te,0,0],2"~
chains in 2 contain [VO,] and [VOq] polyhedra and [Te,0,]
dimers.

The differences between the two chain connectivities shown in
Figure 1 are manifested most directly in two specific interactions.
First, a long fifth V—O bond is observed in the [V(1)Os]
polyhedron in 2, with a distance of 2.5814(12) A and a bond
valence of 0.12 vu (Figure 2c). This longer interaction is above
the minimal value for a trans bond to V°* defined by Schindler et
al.** Analogous interactions in 1 and [C,H,,N,][V,Te,0,,] have
distances of 3.213(3) and 3.129(3) A, respectively. The valences
of these longer interactions (0.02 and 0.03 vu, respectively) are
greatly reduced relative to that of 2 and are well below Schindler’s
minimal value, resulting in tetrahedral coordination designations
for V1in 1 and [C,H,,N,][V,Te,0,]. Second, each Te** center
in 1 and [C,H;4,N,][V,Te,0;,] has one long bonding
interaction, with distances of 2.710(6) and 2.694(2) A,
respectively, and bond valences of 0.14 and 0.14 vu, respectively.
Two distinct Te*" sites are observed in 2. Te2 is similar to the
Te* sites in 1 and [C,H;,N,][V,Te,0,,] because it has a similar
long bonding interaction with a distance of 2.6077(12) A. Tel,
however, is distinctly different: the length of this long interaction
is greatly increased to 3.0012(11) A. The valences of these Te—O
interactions in 2 are 0.18 and 0.06 vu, respectively.

Despite the differences among the [V,Te,0,,],*" chains, the
3D packings of these structures are similar. The tellurite
stereoactive lone pairs are oriented roughly perpendicular to
the directions of chain propagation, forming pseudolayers of

DOI: 10.1021/ic502753e
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8.252(5)

8.7265(12)

Figure 2. Ball-and-stick representations of the [V,Te,0,,],*"" chains in
(a) 1, (b) [C,HN,][V,Te,040], and (c) 2. Orange, green, and red
spheres represent vanadium, tellurium, and oxygen, respectively.
Selected distances are shown in angstroms.

[V,Te,0,0],2" chains. Also, organic ammonium cations reside
between the pseudolayers, creating an extensive hydrogen-
bonding network. 3D packing figures for 1, 2, and [C,H,N,]-
[V,Te,0,] are shown in Figures 3, 4, and S, respectively.

The strengths of the hydrogen-bond donors in these
compounds are largely dictated by pK,, whereas relative acceptor
strengths can be determined using bond valence sums. The most
underbonded oxide anions act as preferential hydrogen-bond
acceptors. Such behavior has been observed in a range of
systems.”>~* Crystallographic disorder is observed in the
[aepH,]*" cations in 1. Two [aepH,]** cations are superimposed
over each cation position at a 1:1 ratio. The disordered [aepH,]*"
cations sit on 2-fold axes of rotation, constraining the populations
of the two orientations to a ratio of 50:50. The specific
orientation of each cation is randomly distributed. Views of the
[aepH,]*" disorder mechanism are provided in the Supporting
Information.

NCI calculation results are shown in Figures 6—11. Plots of the
reduced density gradient (s) versus sign (4,)p are shown in
Figures 6 and 7, providing fingerprints that illustrate the types of
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Figure 3. 3D packing of 1. Orange polyhedra represent [VO,], whereas
green, red, blue, and white spheres represent tellurium, oxygen,
nitrogen, and carbon, respectively. ELF isosurfaces are shown with a
boundary condition of 0.96. Hydrogen atoms have been omitted for

clarity.

c
0

a
Figure 4. 3D packing of 2. Orange polyhedra represent [VO,] and
[VO;], whereas green, red, blue, and white spheres represent tellurium,
oxygen, nitrogen, and carbon, respectively. ELF isosurfaces are shown

with a boundary condition of 0.96. Hydrogen atoms have been omitted
for clarity.

noncovalent interactions present. The identities of the different
interactions, indicated by the symbols annotating Figures 6¢ and

DOI: 10.1021/ic502753e
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Figure S. 3D packing of [C,H4N,][V,Te,0,]. Orange polyhedra
represent [VO,], whereas green, red, blue, and white spheres represent
tellurium, oxygen, nitrogen, and carbon, respectively. ELF isosurfaces
are shown with a boundary condition of 0.96. Hydrogen atoms have
been omitted for clarity.

7¢c, were determined by visualizing the regions of space, Q(NCI),
that are occupied by each peak. Ratios of relative interaction
energies between [C,H,N,][V,Te,0,,] and 2 are shown in
Figures 8 and 9. These ratios were calculated for different types of
noncovalent interactions: moderate densities correspond to
strong hydrogen bonds and weak ionic bonds, and low densities
correspond to weak hydrogen bonds and dispersion interactions.
The cutoffs used to distinguish between moderate- and low-
density attractions are shown as blue dashed lines in Figures 6
and 7. The repulsive interactions correspond to sign (4,)p > 0.
The ratio of the moderate- to low-density interactions within
each of the structures is shown in Figure 10.

B DISCUSSION

One must understand the influences that govern both the
connectivities and compositions of the compounds discussed
here to understand their structures and chemistry. During the
past several years, we have published a series of Articles in which a
hierarchy of influences that affect the outcome of hydrothermal
reactions is described. The effects of these influences are not
equal, and not all of them are present in each reaction. However,
their elucidation is an important step toward understanding the
formation of organically templated metal oxides. The primary
influence on these reactions is the relative concentration of each
reactive species. The identities of the reactive species are clearly
affected by a range of experimental parameters, including pH,
temperature-dependent metal speciation and differences asso-
ciated with source materials and reaction times. In addition, the
relative concentrations of reactants are well-known for directly
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affecting the identity and availability of the primary building units
of which the larger structures are composed.”™* We have
explored and observed the influence of reactant concentrations
in a variety of systems.>®**"* 75 The seconda?’ influence on
these reactions is charge-density matching®">* between the
inorganic—anionic and organic—cationic components of these
reactions. Although the charge densities of the organic cations
are largely fixed by solution pH because it dictates their
protonation states, the inorganic components can access a range
of charge densities through the formation of different secondary
building units (SBUs).*"*”*! 1t is thought that charge-density
matching between the cationic and anionic components is
necessary for condensation and crystallization.*>*' The primary
and secondary influences largely determine the building blocks
that form these crystalline solids; however, this fact neither
addresses how the SBUs interact with one another, nor does it
help us understand differences in local bonding metrics or
symmetries in related systems.

Several tertiary influences are observed in the formation of
organically templated metal oxides. These influences are
generally weaker and do not dictate the compositions of the
compounds or the nature of their respective SBUs. Instead,
tertiary influences are involved in the interactions between the
SBUs or between the inorganic—anionic and organic—cationic
components. For example, we have described how hydrogen-
bonding interactions between the protonated organic amines

DOI: 10.1021/ic502753e
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and metal oxide structures can dictate amine exchange
reactions,™ physical phase transitions in gallium phosphates,™*
and vanadium tellurite layer topologies*' as well as the way in
which vanadium selenite SBUs can assemble into structures of
different dimensionalities.*” Additionally, we have demonstrated
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how tertiary influences can force crystallization in non-
centrosymmetricss_57 or even polar space groups.‘w’“’so’58

1, 2, and [C,H4,N,][V,Te,04,] can all be synthesized from
reaction mixtures that are essentially equivalent, with the only
significant difference among the reactions being the structures of
the organic amines. This similarity among reaction conditions
results in identical vanadium and tellurium speciations across the
reactions that result in 1, 2, and [C,H;,N,][V,Te,00]. In
addition, the relative concentrations of vanadium, tellurium, and
the organic amines in these reactions lead to [V,Te,0,,],*""
chains with identical compositions. This suggests that differences
between the primary influences are small, resulting in structures
containing the same primary building units.

The role of charge-density matching in the formation of 2 and
[CH4N,][V,Te,0,4] can be elucidated through the determi-
nation of both the charges and surface areas on the inorganic
structures in these two compounds (Table 2). Only small
differences in inorganic surface area and charge are observed
between the compounds, resulting in nearly identical charge
densities on the inorganic structures. These results suggest that
charge-density matching is responsible for the similarities
between the inorganic SBUs in these compounds.

DOI: 10.1021/ic502753e
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Table 2. Surface-Area, Charge, and Charge-Density Results for 1, 2, and [C,H4,N,][V,Te,0,,]

compound anion anion surface area (A%) anion charge charge density (e A™)
[C4H,,N3][V,Te,040]-H,0 (1) [V,Te,0,,],2" 101.52 —1214 —0.01196
[C.H,N,][V,Te,0,0] (2) [V,Te,0,0],2"~ 103.37 —1.158 —0.01120
[C.H,:N,][V,Te,0,,] [V,Te,0,,], 2" 100.65 ~1.107 —0.01100
The primary and secondary influences on the formation of 1, f

2,and [C,H,N,][V,Te,0,,] result in related chains constructed 3‘{\ v i % %

from nearly identical inorganic building units. The differences in % A ’ \’»’ X ;}, v

[V,Te,0,0],2" chain metrics must then be the result of weaker ‘ )\

tertiary influences involving the organic amines.

However, the organic species, specifically, 1,4-dab and 1,5-dap,
have nearly identical physical properties. Using the property
calculators in Marvin, version 14.10.20.0,> with the pH set to 8,
we found that 1,4-dab and 1,5-dap have identical polar surface
areas, identical charges on their respective nitrogen atoms, and
nearly identical solvent accessible polar atom surface areas. These
properties of the organic molecules, which directly influence
protonation state and charge density, do not dictate the
differences in either chain connectivity or larger 3D packing
between 2 and [C,HN,][V,Te,O,,]. Instead, a range of
noncovalent interactions within these compounds should
account for the differences between compounds.

NCI fingerprints were calculated for [C,H;,N,][V,Te,0]
and 2 in order to probe the role of noncovalent interactions in
these structures (Figures 6 and 7, respectively). NCI calculations
allow one to locate, quantify, and visualize all noncovalent
interactions within a compound. NCI calculations were carried
out on these two compounds because (a) they have nearly
identical compositions and respective amine structures, only
differing by a single —CH,— group, and (b) they contain both
types of chain connectivities. NCI calculations were not carried
out on 1 because of the crystallographic disorder in the [aepH,]**
cations. Using a topological analysis of the electron density and
its reduced gradient, the NCI calculations allow for the direct
observation of ionic attractions and repulsions, hydrogen
bonding, van der Waals attractions, and steric repulsions in
these compounds, enabling a much deeper understanding of the
forces that govern their formation.

The NCI fingerprints shown in Figures 6 and 7 contain several
distinct regions. Attractive interactions correspond to negative
sign (4,)p values, with more negative (larger magnitude) values
indicating stronger interactions. In contrast, repulsive inter-
actions correspond to positive sign (4,)p values (again, with
larger magnitudes indicating stronger interactions, as shown in
Figures 6a and 7a). The nature of individual peaks can be
determined by isolating and visualizing their respective
interactions and isosurfaces, examples of which are shown in
Figures 11, S4, and S5. Setting the reduced density gradient
cutoff values to either 0.25 or 0.125 resulted in localized
interactions whose natures are easily discerned. High-density
attractions, corresponding to strong ionic interactions, are
observed at sign (1,)p values between approximately —0.25
and —0.05 (Figures 6b and 7b). Moderate- and low-density
attractions, including longer ionic interactions, N—H:--O and
C—H--O hydrogen bonds, and van der Waals attractions, are
generally found at sign (4,)p values of —0.04—0 (Figures 6c and
7c). Note that covalent interactions are not shown in these
calculations. Differences between the NCI fingerprints of
[C,H\4,N,][V,Te,040) and 2 include the relative positions of
specific interactions, the number of weak attractions, and the
presence of specific repulsive interactions.
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Figure 11. Isosurface plots of intercation van der Waals attractions for
(a) [C{H4,N,][V,Te,040] and (b) 2. Surface coloring indicates relative
strength (sign (4,)p), ranging from red (weaker) to blue (stronger).

Because the weaker tertiary influences involving the organic
cations are thought to be responsible for the differences in
structure between [C,H,,N,][V,Te,0,,] and 2, we focused on
the weak attractions and repulsions in our investigation of the
noncovalent interactions within these compounds. Specifically,
the nature of each type of interaction was identified by plotting
the isosurfaces corresponding to each peak in the NCI
fingerprints (Figures 6 and 7). Hydrogen-bonding and ionic
interactions appear as localized interactions between the donor
hydrogen atom and the acceptor atom. Dispersion interactions
appear as pancake-shaped regions between the interacting atoms,
as shown in Figure 11. Three different groups of noncovalent
weak interactions were identified: (i) strong hydrogen bonds and
weak ionic interactions, (ii) weak hydrogen bonds and dispersion
interactions, and (iii) repulsive interactions. As described above,
these can be grouped on the basis of their sign (4,)p values. A
quantitative measure of the relative contributions of these
different interactions can be obtained by integrating eq 2 for the
different regions, as shown in Figures 8 and 9. Although there is
no a priori value of s to use as an upper bound when defining
Q(NCI), s > 0.6 results in isosurfaces enclosing large regions that
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do not correspond to typical chemical intuitions of noncovalent
interactions because larger, more distributed regions are being
included. However, the integrations shown in Figures 8, 9, and 10
are relatively insensitive to the value of s, suggesting that a
reasonable upper-bound value was chosen for visualization.

Three differences are observed between [C,H;,N,]-
[V,Te,0y0] and 2. First, the strengths of the moderate- and
low-density attractions are higher in compound 2 than in
[C,H4N,][V,Te,044]. As shown in Figure 8, the ratio of the
interaction energy of 2 to that of [C,H,N,][V,Te,0y] is
approximately 2. This can be understood qualitatively by
considering that [1,5-dapH,]** contains two additional C—H--
O hydrogen-bond donors and stronger interactions of the van
der Waals type because it contains 14 more electrons than [1,4-
dabH,]*". The increased number of weak hydrogen-bond donors
in [1,5-dapH,]*" is by itself unlikely to account for the differences
in strengths of these low-density attractions, suggesting that a real
difference in van der Waals interactions is responsible. Second,
low- and moderate-density repulsive interaction energies are
higher in 2 than in [C,H,N,][V,Te,0,,] (Figure 9). Low-
density repulsions are defined as interactions for which 0 < sign
(1,)p < 0.2, whereas moderate-density repulsions are defined as
interactions for which 0.2 < sign (4,)p < 0.7. The global
repulsive-interaction-energy ratio mirrors the ratio of low-
density repulsions. Third, the strengths of the moderate- and
low-density attractions are nearly equal to one another within
both [C,H,N,][V,Te,0,0] and 2 (Figure 10). This suggests
that in aggregate, the weakest noncovalent interactions play an
important role in the determination of the final structure of each
compound.

To probe the role of the low-density attractions, interactions
between the organic cations and inorganic anions (hydrogen-
bonding interactions) and interactions between organic cations
(van der Waals forces) were investigated. The [1,4-dabH,]*
cations in [C,H,N,][V,Te,0,,] form hydrogen bonds with the
[V,Te,0,0],2"" anions, with anion—anion distances of
2.777(4)—3.003(4) A (Table 3). In contrast, the hydrogen-
bonding interactions in 2 differ between the two unique nitrogen
sites: N1—H---O distances span a range of 2.760(2)—2.948(2) A,

Table 3. Selected Hydrogen-Bonding Interactions in 2 and
[C4H1N, ][V, Te,04]

D--A distance (A) D—H-A angle (deg)

[CSHlﬁNz] [V,Te,0,0] (2)

N1-H1--03 2.793(2) 154
N1-H2--02 2.760(2) 160
N1-H3--06 2.948(2) 159
N2—-H14--01 2.843(2) 159
N2-H15--010 2.850(2) 173
N2-H16---07 2.928(2) 170
C2—-H6--03 3.540(2) 129
C3-H8--03 3.490(2) 150
CS—H12---07 3.342(2) 149
C5—H13--06 3.207(2) 127
[CiHLN,][V,Te,04]
N1-H1--OS§ 2.897(4) 144
NI1-H2--04 2.777(4) 154
N1-H3--03 3.003(4) 138
C1-HS--04 3.555(4) 140
C1-HS--01 3.318(4) 124
C2—-H6:--04 3.461(4) 147
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whereas the N2—H--O interactions have lengths of 2.850(2)—
2.928(2) A (Table 3). These interactions were visualized by
isolating their respective NCI isosurface regions, Q(NCI), as
shown in the Supporting Information. Although these N—H:--O
hydrogen bonds differ in length and strength, the hydrogen-
bonding preferences of each ammonium cation are satisfied, with
each ammonium site donating three N—H:--O bonds to adjacent
oxide anions.

It is well-known that macroscopic packing differences are
observed between even- and odd-numbered chains such as
alkanes, alkenediols, and alkenediamines.*”®! These differences
are generally manifested in both symmetric versus asymmetric
packing alignments in even- and odd-numbered chains,
respectively, and corresponding differences in melting points.
Such differences are also observed in 2 and [C,H4N,]-
[V,Te,0y0). The [1,5-dapH,]*" cations are staggered in 2,
whereas the [1,4-dabH, ]** cations in [C,H,N,][V,Te,0,,] are
stacked in regular columns. The staggered nature of the [1,5-
dapH,]** cations in 2 is observed in the presence of two distinct
orientations (Figure 4). In contrast, the [1,4-dabH,]*" cations in
[C,H4N,][V,Te,0,,] adopt a single orientation (Figure ).

The van der Waals interactions in these compounds mirror
these packing differences, as shown in Figure 11. The van der
Waals interactions in [C,H;4,N,][V,Te,O,y] are weaker and
symmetrical, whereas those in 2 are generally stronger and
distinctly asymmetric. The symmetry or asymmetry in the van
der Waals forces reflects that the staggered arrangement of [1,5-
dapH,]** cations in 2 and the eclipsed [1,4-dabH,]** cations in
[CH4N,][V,Te,0,] represent the lowest-energy configura-
tions for these compounds. Internal symmetry within the [1,5-
dapH,]*" cations in 2 is broken, resulting in two unique N sites in
2. In contrast, [C,H|,N,][V,Te,0,,] contains a single nitrogen
environment for both ends of the molecule; the two ammonium
sites at the ends of the [1,4-dabH,]** cations are symmetrically
equivalent. The staggered arrangement of [1,5-dapH,]** cations
in 2 results in N1 protruding farther into the space between
inorganic chains, forming slightly shorter and stronger hydrogen
bonds, whereas N2 remains further away, forming longer and
weaker bonds. This results in overall stronger N—H---O
hydrogen bonding, which stabilizes the structure further in a
fashion analogous to a Peierl’s distortion.

The N—H--O hydrogen-bonding interactions in 1, 2, and
[C,H4N,][V,Te,0,] are shown in Figure 12. Symmetrical
hydrogen-bonding networks are observed in 1 and [C,H,N,]-
[V,Te,040], with each ammonium site influencing the
orientations of neighboring [VO,] groups in an analogous
fashion. In contrast, a distinct asymmetry is observed in the
hydrogen-bonding network in 2. Both N1 and N2 participate in
two hydrogen bonds with the same [V,Te,0;0],"" chain, to O3
and O6 and to Ol and O7, respectively. All four of these
interactions work in concert to cause the [V(1)Og] and
[V(2)O,] polyhedra to rotate toward one another, causing the
distances between the vanadium oxide polyhedra to vary.
Notably, the distance between the terminal oxide anions in
these polyhedra, O1 and O7, alternates between 4.4680(12) and
6.6069(12) A, as shown in Figure 2. In addition, the rotation of
the [VO,] and [VO;] polyhedra in 1, 2, and [C,HN,]-
[V,Te,0,] directly affects local bonding metrics. For example,
rotation of the [V(1)Os] polyhedra in 2 causes a shortening of
the V1—OS bond with respect to 1 and [C,H,N,][V,Te,04,],
whereas rotation of the [V(2)O,] tetrahedra in the opposite
direction moves O6 away from Tel (Figure 2). The rotation of
[V(1)Os] in 2 also results in shorter V1—Tel and V1-Te2
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Figure 12. Hydrogen-bonding interactions in (a) 1, (b) [C,H,N,]-
[V,Te,04), and (c) 2. Orange, green, red, blue, and white spheres
represent vanadium, tellurium, oxygen, nitrogen, and carbon,
respectively. Hydrogen atoms have been omitted for clarity.

distances of 3.341(2) and 3.444(2) A, respectively. These
distances in [C,H,N,][V,Te,0,,] are 3.391(4) and 3.723(4) A,
respectively. Repulsions associated with the shorter V—Te
distances in 2 are observed in the NCI fingerprints; the doublet
labeled with an orange triangle in Figure 7a corresponds to this
repulsion.

Differences in the low-density attractions between organic
cations result in divergent packing motifs for the [1,4-dabH,]*"
cations in [C,H,N,][V,Te,0,] and the [1,5-dapH,]** cations
in 2. This, in turn, forces a reorganization of the N—H:--O
hydrogen bonds, which then causes the structural differences in
the [V,Te,0,,],>* chains.

B CONCLUSIONS

The formation of compounds such as 1, 2, and [C,H,N,]-
[V,Te,0,] is influenced by a number of sources, all of which
work to minimize free energy under the experimental conditions
of the reaction. Many types of interactions, both strong and weak,
exert some influence over the resulting structure. NCI
calculations enable one to locate, quantify, and visualize these
weak interactions and to elucidate the way in which they
influence structure as well as being an exceptionally important
tool in understanding the formation of these complex materials.
This computational technique allows us to ascribe the differences
in [V,Te,0,,],2"" chain connectivities to specific intermolecular
interactions. Specifically, low-density intermolecular attractions
(C—H--O hydrogen bonds and van der Waals forces) were
found to exert considerable influence over the resulting
structures.
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