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Graphene oxide and nanodiamond: same
carboxylic groups, different complexation

Vladimir A. Basiuk,*® Elena V. Rybak-Akimova® and Elena V. Basiuk®

DFT calculations (PBE functional with the empirical correction by Grimme) were employed to explain why
our attempts to coordinatively functionalize nanodiamond (ND) with tetraazamacrocyclic cations
[Ni(cyclam)]** and [Ni(tet b)I**, and to generate paramagnetic hybrid materials in this way, failed,
contrary to the successful functionalization of graphene oxide (GO) reported previously (Appl. Surf. Sci.,

2016, 371, 16-27). The explanation offered is based on the comparison of binding energies for low-spin

(singlet) and high-spin (triplet) complexes of model carboxylate ions GO~ and ND~ with the two
tetraazamacrocycles. The formation energies were interpreted in terms of AAEs ; values, which
characterize the difference in stability for the triplet and singlet complexes (negative values mean that
triplet state is more stable, and positive, that singlet state is more stable). While the results obtained do

not rule out completely the possibility of forming high-spin [Ni(cyclam)

1+ carboxylate derivatives on ND,

in the case of [Niltet b)]?* comparison of the AAE5_; values explicitly demonstrated that the formation of
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high-spin complex is highly unfavorable with ND™ contrary to GO™ model: AAE3_; values obtained are

13.22 and —4.64 kcal mol™?, respectively. For comparison, similar data are presented for a series of
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1. Introduction

Chemical functionalization is widely used to modify electronic
and magnetic characteristics of carbon nanomaterials,
including carbon nanotubes (CNTs), nanodiamond (ND), gra-
phene and graphene oxide (GO). In particular, in the case of
graphene and related materials, it is considered important for
the design of new solar energy conversion systems, sensors,
photoluminescent, nanoelectronic and spintronic devices,
contrast agents for biomedical imaging, efficient heterogeneous
catalysts, among others."” Azamacrocyclic ligands (usually
porphyrins and phthalocyanins) and their transition metal
complexes are among most important functionalizing reagents,
due to the following two factors: (1) their electronic structure,
magnetic, spectroscopic and redox properties can be adjusted
by changing the central metal ion; (2) macrocyclic structure
of the ligands implies superior stability of their complexes,
preventing potential leakage of the metal ion. To attach

Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Circuito
Exterior C.U., 04510 Cd. México, Mexico. E-mail: basiuk@nucleares.unam.mx; Fax:
+52 55 56 22 46 93; Tel: +52 55 56 23 33 74

*Department of Chemistry, Tufts University, 62 Talbot Avenue, Medford, MA 02155,
USA

‘Centro de Ciencias Aplicadas y Desarrollo Tecnoldgico, Universidad Nacional
Autonoma de México, Circuito Exterior C.U., 04510 Cd. México, Mexico

17442 | RSC Adv., 2017, 7, 17442-17450

simpler carboxylates. In addition to binding energies and AAEz_; values, for all the systems studied we
analyzed Ni—-O distances, spin density plots and HOMO—-LUMO parameters.

macrocyclic molecules to graphene and GO, a broad spectrum
of interactions can be employed, from amide or other covalent
bonding to noncovalent (-7 stacking and van der Waals) and
electrostatic interactions.">**%'® The existence of carboxylic
groups is an especially attractive property of GO, since it allows
not only for the covalent functionalization through amide
linkage with amino-substituted azamacrocycles,“>*'* but also
offers the possibility of complexation between the oxygen-
containing groups and coordinatively unsaturated central
metal atoms of macrocyclic complexes.”*®

Graphene and GO nanohybrids functionalized with tetraa-
zamacrocyclic complexes possessing magnetic properties are
materials of special interest, mainly from the point of view of
organic spin electronic (or spintronic) devices. The disadvan-
tages of depositing single magnetic metal atoms on surfaces is
that they tend to coalesce (aggregate) without forming regular
patterns, as well as can exhibit a decreased magnetic response
due to the interaction with support surface.” On the other
hand, when magnetic metal atoms are deposited in the form of
complexes with organic ligands, magnetic nanohybrids with
regular and stable networks of magnetic units can be obtained.
Different combinations of organic ligands and paramagnetic
central metal ions were shown to be useful for their fabrication,
from the complexes with relatively simple bidentate and
tridentate ligands**** to those with tetraazamacrocyclic
porphyrin®>**7* and phthalocyanine ligands,"***” where most

This journal is © The Royal Society of Chemistry 2017
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commonly employed complexes incorporate 3d metal atoms
such as iron(u)'****>?¢ and cobalt(i).>>**

Among other possible application areas for graphene and
GO-supported magnetic tetraazamacrocyclic complexes, one
can mention magnetic resonance imaging (MRI). For example,
Hung et al.®® performed GO functionalization through non-
covalent attachment of gadolinium(m) complexes with a series
of fifteen substituted saturated tetraazamacrocyclic ligands, in
order to enhance the contrast properties of Gd(m) ions for
cellular MRI.

One should emphasize that all the research reports mentioned
above employ the same, rather straightforward strategy, in which
functionalizing complex molecules already possess magnetic
properties due to paramagnetic central metal ions: in other
words, graphene or GO-based magnetic materials are obtained by
combining a paramagnetic complex with a diamagnetic support.
Nevertheless, this is not the only approach possible. As we
recently suggested,” there is a possibility to in situ generate
magnetic properties in GO hybrids by using some diamagnetic
tetraazamacrocyclic complexes of 3d transition metal ions such
as nickel(n). The ligands suitable for this purpose include satu-
rated 14-membered tetraazamacrocycles, which can be exempli-
fied by 1,4,8,11-tetraazacyclotetradecane and rac-5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane, commonly called
for simplicity cyclam and tet b, respectively (see review* and
literature cited therein). Conformational flexibility of the satu-
rated tetraazamacrocyclic ligands makes their transition metal
complexes very different from rigid planar hyperconjugated
porphyrin and phthalocyanine analogues. In particular, the
unique property of Ni(u) complexes with cyclam and tet b,
important in the present context, is that low-spin square-planar
cations [Ni(cyclam)]** and [Ni(tet b)]** in basic media can addi-
tionally coordinate carboxylate ions as bidentate ligands,
thus transforming into high-spin pseudooctahedral complexes
(Scheme 1), in which the macrocycle adopts a folded
conformation.**?

Given the fact that carboxyls are among dominating func-
tional groups in GO, it seems logical to expect that they are
capable of coordinating to [Ni(cyclam)]** and [Ni(tet b)]**
square-planar tetraazamacrocyclic cations. This motivated us®
to test a novel approach to GO functionalization, which would
allow for facile generation of a paramagnetic material by
combining two diamagnetic components. Indeed, we found
that the coordination coupling can be easily performed under
basic conditions in a water-ethanol mixture, without the need
for high temperatures and/or other harsh conditions and
reagents. The conversion of Ni(u) coordination geometry from
square-planar tetracoordinated to pseudooctahedral hex-
acoordinated one resulted in the change from low-spin to high-
spin state of nickel ions. The content of tetraazamacrocyclic
complexes in functionalized GO samples turned to be rather low
(Ni content of about 1 wt%), nevertheless, magnetic suscepti-
bility measurements easily confirmed the generation of para-
magnetic properties in both nanohybrids.

Despite of some evident (especially morphological) differ-
ences, another carbon nanomaterial, nanodiamond, has much
in common with GO. ND has rather complex structure

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Low-spin square planar tetraazamacrocyclic complexes of
Ni(n) (top) and their conversion into respective high-spin octahedral
carboxylates (bottom).

including a diamond core composed of sp*-hybridized carbon
atoms, a fullerene-like shell of sp>-hybridized C atoms, and
finally an outer surface in which carbon atoms form a variety of
oxygenated functional groups. Like in the case of GO, carboxylic
functionalities are found among the most abundant groups
identified on ND surface, and therefore, it is not surprising that
the functionalization of ND***° is based on essentially the same
chemical strategies and protocols as those employed for GO.

Based on the above general considerations, we attempted
coordination functionalization of ND with the same [Ni(cy-
clam)]** and [Ni(tet b)]** tetraazamacrocyclic cations, under the
same conditions as in the case of GO.? Nevertheless, the results
were frustrating, since despite of the presence of small amounts
of Ni detected by traditional elemental analysis and energy
dispersive X-ray spectroscopy, other analytical data (in partic-
ular, those of thermogravimetric analysis, infrared and X-ray
photoelectron spectroscopy) turned to be unconvincing. And,
what is especially important, magnetic susceptibility measure-
ments suggested that the ND samples remain diamagnetic. The
conclusion is unambiguous: for some reason, low-spin square-
planar cations [Ni(cyclam)]*" and [Ni(tet b)]** are unable to
coordinate to COOH groups of ND and thus to form high-spin
pseudooctahedral complexes.

The differences in topology of GO sheet edges and ND
particle surfaces, and therefore in spatial accessibility of COOH
groups for their complexation with the tetraazamacrocyclic
cations, seemed to us the most likely explanation. Accordingly,
the goal of the present theoretical work was to verify whether
such steric factors indeed exist.

2. Theoretical calculations

The theoretical analysis of geometries and energies of tetraa-
zamacrocycle-carboxylate complexes and their components was
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performed in the frame of density functional theory (DFT). For
all the calculations, we used the numerical-based DFT module
DMol3, which forms part of the Materials Studio 6.0 software
package (Accelrys Inc).*** The computational methodology we
chose was a general gradient approximation correlation func-
tional by Perdew-Burke-Ernzerhof** (PBE) in conjunction with
the empirical correction by Grimme*® to account for dispersion
effects. The double numerical basis set DNP** employed has
a polarization d-function added on all non-hydrogen atoms and
a polarization p-function added on all H atoms. This compu-
tational methodology was shown to be efficient for the
description of noncovalent interactions between tetraazama-
crocyclic compounds with different carbon nanoclusters
(fullerenes, fulleroid nanotube models and oxidized graphene
sheets).?***° Full geometry optimization and calculation of
electronic parameters was performed with the following
settings: ‘fine’ quality and convergence criteria, all-electron core
treatment, a global orbital cutoff of 4.5 A and Fermi orbital
occupancy (no thermal smearing).

The formation energies AEc,y; for C + [Ni(cyclam)] and C +
[Ni(tet b)] complexes were calculated by using the following
formula:

AEcini = Ecani — (Eni + E¢)

where Ec is the corresponding absolute energy for anionic
carboxylate ligand (C = R-COO™), and Ey;, for [Ni(cyclam)]** or
[Ni(tet b)]*" cations.

3. Results and discussion

3.1. Models

To investigate how steric factors influence the capability of
carboxylic groups on carbon nanoparticles to coordinate
[Ni(cyclam)]** or [Ni(tet b)]** cations, we found it necessary to
analyze how the optimized geometries of coordination sphere
and formation energies of high-spin tetraazamacrocycle—
carboxylate complexes change upon the gradual increase of
substituent R (Scheme 1). For this purpose, we selected a series
of carboxylate anions shown in Fig. 1. The smallest carboxylate
possible is formate (Fm™; R = H) followed by acetate (Ac; R =
CH3;). Since both GO and ND are essentially polycyclic hydro-
carbon systems, the remaining carboxylate models included
different types of cyclic fragments. The smallest one, structur-
ally more related to GO, is benzoate (Bz ; R = C¢Hs). The next
anion, structurally more related to ND, is 1-ada-
mantanecarboxylate (Ad™). And finally, two models were
necessary to simulate GO and ND. When choosing them, we
bore in mind two considerations. First, these models have to
match the most important topological differences of the two
carbon nanomaterials: GO is composed of oxidized graphene
sheets with COOH groups distributed predominantly on their
edges, whereas in ND, carboxylic groups are situated on slightly
convex (one can say, nearly flat) surface of a few-nanometer size
primary particles. Second, the exact chemical environment of
COOH groups in both GO and ND is impossible to know. Both
models (GO~ and ND, respectively; Fig. 1) of choice were based
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Fig. 1 Optimized geometries of organic anions employed for DFT
calculations: Fm™, formate; Ac™, acetate; Bz, benzoate; Ad™, 1-ada-
mantanecarboxylate; GO, sp-hybridized ten fused ring system with
COO~ substituent at the edge simulating graphene oxide; ND~, sp®-
hybridized ten fused ring system with COO™ substituent at the face
simulating nanodiamond. Atom colors: grey, carbon; white, hydrogen;
red, oxygen.

on ten fused ring system: in the case of GO, all carbon atoms of
the backbone have sp hybridization state, whereas for ND~,
they are sp’-hybridized. In the case of GO~, one COO~ group
was placed at the graphene sheet edge, whereas in ND™— model,
it was placed at the 'face’. Apart from one COO™ group, both
models included only hydrogen atoms in order to fill dangling
bonds.

The main results presented in this work refer to the high-
spin complexes of [Ni(cyclam)]** and [Ni(tet b)]** cations with
carboxylates. However, for comparison, we also performed the
same set of calculations for low-spin (singlet) analogues of
hexacoordinated tetraazamacrocycle-carboxylate complexes.

3.2. Energies of complexation

The calculated total energies for carboxylate components, tet-
raazamacrocyclic dications and the corresponding macrocycle-
carboxylates in both low and high-spin states, along with
formation energies AE for the latter complexes are presented in
Table 1. One more important set of values which can be found
here is the energies AAE; ;, which were calculated as the
difference in AE values for the triplet and singlet states: when
negative, triplet state is more stable, whereas positive value
means that singlet state is more stable.

One can see that AE values are very low, roughly around —2
x 10% keal mol™": such a strong binding is quite natural due to
the interaction between oppositely charged ions. On average,
carboxylate complexes of [Ni(cyclam)]** are noticeably stronger
than their counterparts with [Ni(tet 5)]*". The most likely reason
is that cyclam ligand does not have substituents in the macro-
cyclic ring, contrary to tet b having six methyl groups, which
create some steric hindrance for carboxylate to approach Ni**

This journal is © The Royal Society of Chemistry 2017
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Table1 Total energies (in Ha) for carboxylate components (Fm~, Ac™, Bz~, Ad~, GO~ and ND™),% macrocyclic dications [Ni(cyclam)]? and [Ni(tet
b)I?*, macrocycle—carboxylate complexes in both low? and high-spin states, formation energies AE (in kcal mol™) for the complexes along with
the respective HOMO, LUMO and HOMO-LUMO gap energies (in eV) and the Ni—O distances (in A) between carboxylic O and central Ni atoms,
calculated with PBE GGA functional with dispersion correction by Grimme, in conjunction with DNP basis set. AAE5_; values (in kcal mol™) in
parenthesis after formation energies mean the difference in AE values for the triplet and singlet states (if negative, triplet state is more stable; if

positive, singlet state is more stable)

Compound Eroral, Ha AE (AAE; 4), keal mol ™ Enomo, €V Erumos €V Egap, €V Ni-O distances, A
Fm™ —189.091514 0.740 6.308 5.568
Ac —228.370008 0.830 5.970 5.140
Bz~ —419.955009 —0.016 2.386 2.402
Ad™ —578.277388 0.180 3.682 3.502
GO~ —1414.877581 —1.459 —0.291 1.168
ND™ —1433.961008 —0.582 3.048 3.630
[Ni(cyclam)?* —2121.723230 —12.506 -10.319 2.187
1(cyclam m —2311. 4 —-191.4 —-7.17 —6.01 1.154 .014, 2.704
Ni(cycl *F 2311.11980 191.43 173 6.019 2.0 2.70
i(cyclam)Fm - . —200.68 (—9. —7. —5. . .133, 2.
Ni(cycl F 2311.134553 200.68 (—9.25 7.505 5.763 1.742 2.133,2.171
[Ni(cyclam)]**Ac —2350.404378 —-195.24 —6.980 —5.837 1.143 2.023, 2.527
i(cyclam)Ac - . —205.64 (—10. —7. —5. . 117, 2.
Ni(cycl Ac]” 2350.420948 205.64 (—10.40 7.339 5.508 1.831 2.117, 2.147
1(cyclam Z —2541.978424 —188.37 —6.944 —-5.777 1.167 2.011, 2.534
Ni(cyclam)]**Bz™~
i(cyclam)Bz - . —198.56 (—10. -7. —5. . .102, 2.
Ni(cycl Bz]" 2541.994669 198.56 (—10.19 7.271 5.450 1.821 2.102, 2.149
i(cyclam - . —194. —6. —5. . .983, 2.
Ni(cycl **Ad 2700.310175 194.25 6.852 5.643 1.209 1.983, 2.573
i(cyclam - . —202.63 (—8. —7. —5. . 119, 2.
Ni(cycl Ad]" 2700.323532 202.63 (—8.38 7.187 5.352 1.835 2.119, 2.122
[Ni(cyclam)**GO —3536.878488 —-174.24 —6.500 —5.635 0.865 2.118, 2.248
Ni(cyclam)GO]" —3536.895254 —184.76 (—10.52 —6.572 —5.323 1.249 2.111, 2.127
y
[Ni(cyclam)]”ND’ —3555.991187 —192.61 —6.642 —5.505 1.137 1.964, 2.578
Ni(cyclam)ND]" —3556.005448 —201.56 (—8.95 —7.010 —5.227 1.783 2.065, 2.153
y
[Ni(tet b)]ZJr —2357.411642 —11.832 —9.753 2.079
[Ni(tet b)]Z+Fm —2546.801972 —187.51 —-7.151 —5.801 1.350 2.491, 3.414
[Ni(tet b)Frn]Jr —2546.798288 —185.20 (2.31) —7.287 —5.687 1.600 2.153, 2.215
[Ni(tet b)]Z+A07 —2586.085377 —190.59 —6.993 —5.693 1.300 2.455, 3.398
[Ni(tet b)Ac]” —2586.087855 —192.14 (—1.55) —7.045 —5.246 1.799 2.113,2.191
[Ni(tet b)]2+BZ7 —2777.657923 —182.77 —7.070 —5.695 1.375 2.497, 3.355
[Ni(tet ZJ)BZ]Jr —2777.657466 —182.49 (0.28) —7.089 —5.404 1.685 2.111, 2.207
[Ni(tet b)]Z+Ad7 —2935.987737 —187.44 —6.988 —5.663 1.325 2.421, 3.461
[Ni(tet b)ACl]Jr —2935.988188 —187.72 (—0.28) —7.004 —5.298 1.706 2.119, 2.183
[Ni(tet b)]2+G07 —3772.551052 —164.30 —6.253 —5.826 0.427 2.811, 2.972
[Ni(tet b)GO]" —3772.558443 —168.94 (—4.64) —6.547 —5.323 1.224 2.121, 2.185
[Ni(tet b)]2+ND7 —3791.693078 —201.07 —6.751 —5.510 1.241 2.369, 3.394
[Ni(tet b)ND:rr —3791.672013 —187.85 (13.22) —6.868 —5.189 1.679 2.119, 2.139
“Fm~, formate; Ac~, acetate; Bz, benzoate; Ad~, 1-adamantanecarboxylate. ”In low-spin (singlet) complexes [Ni(cyclam)]*'Fm™,

[Ni(cyclam)]**Ac™, [Ni(cyclam)]** Bz, [Ni(cyclam)]**Ad~, [Ni(cyclam)]**GO™, [Ni(cyclam)]*'ND™, [Ni(tet b)]*'Fm™, [Ni(tet b)]**Ac™, [Ni(tet b)]*'Bz~
and [Ni(tet b)]*'Ad ", one of carboxylic O atoms fills the fifth coordination site of Ni atom; only in [Ni(tet b)]**GO™ and [Ni(tet b)]*'ND,
carboxylate anion does not enter the coordination sphere. ¢ High-spin (triplet) complexes [Ni(cyclam)Fm], [Ni(cyclam)Ac]’, [Ni(cyclam)Bz]",
[Ni(cyclam)Ad]’, [Ni(cyclam)GO]", [Ni(cyclam)ND], [Ni(tet b)Fm]", [Ni(tet b)Ac]’, [Ni(tet b)Bz]', [Ni(tet b)Ad]", [Ni(tet b)GO]" and [Ni(tet bH)ND]"

acquire octahedral geometry of the coordination sphere.

ion. More specifically, for high-spin complexes with [Ni(cy-
clam)]**, AE values span from —184.76 to —205.64 kcal mol *,
and with [Ni(tet b)]**, from —168.94 to —192.14 kcal mol . The
binding strength decreases in the order of Ac™ > Ad™ > ND™ >
Fm™ >Bz” >GO™ and Ac” >ND™ = Ad” >Fm™ >Bz > GO,
respectively. Interestingly, formate is not the anion which forms
the strongest complexes, despite of its smallest size. This fact
might imply a notable contribution of the van der Waals
interactions between macrocyclic ligands and substituent R
(which is H in Fm™) of carboxylate to the complex stability
(stronger acidity of formic acid, resulting in lower basicity of
formate, can be another reason, with a contribution of elec-
tronic effects due to R = H instead of a hydrocarbon substit-
uent). Furthermore, apparently for the same reason, macrocycle
complexation is predicted to be stronger with ND~ than with
GO~ model anion.

This journal is © The Royal Society of Chemistry 2017

As regards the singlet analogues, for the complexes with
[Ni(cyclam)[*, the calculated AE values are found between
—174.24 and —195.24 kecal mol %; with [Ni(tet b)]**, between
—164.30 and —201.07 kcal mol . The binding strength decreases
in the order of Ac” >Ad™ > ND™ >Fm™ >Bz" >GO™ and ND™ >
Ac” >Fm~ = Ad™ > Bz~ > GO, respectively. One can make two
observations. First, the order of binding strength for carboxylate
complexes with [Ni(cyclam)]** remains the same for their singlet
and triplet states. Second, in the case of [Ni(tet 5)]**, not only the
order changes, but [Ni(tet b)]>'ND~ becomes the most stable, and
[Ni(tet b)]**GO™, the least stable low-spin complex.

As it was mentioned above, we calculated one more key
parameter, AAE; ;, which characterizes the difference in
stability for the triplet and singlet complexes. In the case of
[Ni(cyclam)]** complexation, all AAE;_; values are negative
(Table 1), which means that triplet is always more stable than

RSC Adv., 2017, 7, 17442-17450 | 17445
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singlet state. The difference in their stability decreases in the
order of GO~ >Ac™ >Bz  >Fm™ >ND™ > Ad ", where the largest
negative value is —10.52 kcal mol™" for GO™, and the least
negative value of —8.38 kcal for Ad™ is only insignificantly
different from that for ND~, of —8.95 kcal mol™*.

A strikingly different picture can be observed for the interaction
of carboxylates with [Ni(tet b)]*". Here, only three AAE;_, differ-
ences are negative, of —4.64, —1.55 and —0.28 kcal mol ™" for GO,
Ac™ and Ad™, respectively: their absolute values are very low as
compared to the case of [Ni(cyclam)**. For Bz, Fm~ and ND,
AAE;_, values are increasingly positive of 0.28, 2.31 and 13.22 kcal
mol ', that is, singlet state is more stable for the complexes with
these anions. As a whole, the stability of high-spin complexes as
compared to their low-spin counterparts decreases in the order of
GO™ > Ac” > Ad” > Bz >Fm > ND . These results explicitly
imply that the formation of high-spin complex for [Ni(tet b)]** is
unfavorable on ND™, contrary to GO . In the case of [Ni(cy-
clam)]**, one can conclude that the formation of triplet state is less
favorable with ND~ than with GO™, but in both case it remains
more stable than the corresponding singlet state.

3.3. Geometry of coordination sphere

The geometry of coordination sphere was analyzed in terms of
two Ni-O distances (corresponding to two carboxylic O atoms),
which has the most direct relevance for the conversion of square-
planar tetraazamacrocyclic complexes to high-spin pseudoocta-
hedral carboxylates. They are presented in Table 1. Additionally,
for the complexes of special interest, that is, with GO~ and ND™
model anions, optimized geometries are presented in Fig. 2 and 3
for [Ni(cyclam)]** and [Ni(tet b)]**, respectively.

As can be seen from Table 1, the Ni-O distances vary within
a very broad range: the smallest value of 1.964 A was found in low-
spin complex [Ni(cyclam)]*'ND ™, and the longest distance of 3.414
A, in low-spin [Ni(tet b))[**Fm~ complex. Here it is appropriate to
mention that the Ni-O distances in the crystalline high-spin
[Ni(tet b)’" nicotinate complex were found to be almost equal,
of 2.153 and 2.156 A, and slightly differing in its bridged pyr-
idinedicarboxylate analogue, of 2.123 and 2.255 A.**> The non-
equivalence of Ni-O distances in the latter case was attributed to
steric hindrance between one [Ni(tet b)]** cation and the remain-
ing part of the bulky bridged complex,* therefore the distance of
2.255 A can be considered as a typical length for coordination Ni-
O bond in high-spin complexes. So, to classify Ni-O distances
observed in the present case, we chose a slightly shorter and more
realistic cutoff value of 2.220 A for this type of bond.

Based on the latter, all the macrocycle-carboxylate
complexes can be subdivided into three categories, which can
be described as follows: (1) both Ni-O distances are shorter than
2.220 A, and thus correspond to coordination bonds; (2) one
bond is coordination, and one Ni-O distance is longer than
2.220 A; (3) both Ni-O distances are too long to be considered as
coordination bonds. As it could be expected, all the high-spin
carboxylate complexes, for both [Ni(cyclam)]** and [Ni(tet b)]**
cations, have two Ni-O coordination bonds, and thus belong to
the first category (see, for example, Fig. 2b, d and 3b, d). The
second category includes exclusively low-spin carboxylates of
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Fig. 2 Optimized geometries of coordination complexes: (a)
singlet [Ni(cyclam)**GO™; (b) triplet [Ni(cyclam)GOI*; (c) singlet
[Ni(cyclam)]**ND~; (d) triplet [Ni(cyclam)ND]*. The values specified are
Ni-O distances (in A). Atom colors: grey, carbon; white, hydrogen:; red,
oxygen; blue, nitrogen; violet blue, nickel.

Fig. 3 Optimized geometries of coordination complexes: (a) singlet
INiltet b)]2*GO~; (b) triplet [Ni(tet B)GOI*; (c) singlet [Niftet b)I>*ND~; (d)
triplet [Ni(tet b)ND]*. The values specified are Ni—O distances (in A). Atom
colors: grey, carbon; white, hydrogen; red, oxygen; blue, nitrogen; violet
blue, nickel.

[Ni(cyclam)]** (exemplified for GO~ and ND~ in Fig. 2a and c).
This fact implies that, even though the complex is found in
singlet state, filling the fifth coordination site of Ni ion causes

This journal is © The Royal Society of Chemistry 2017
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[Ni(cyelam)]>*ND- [Ni(cyclam)ND]*

[Nitet 5)|2*ND~

[Ni(tet 5)ND]*

Fig. 4 Spin density plots (isosurfaces at 0.005 a.u.) for low and high-spin complexes of [Ni(cyclam)]>* and [Niftet b)]>* with GO~ and ND~

models.

significant distortion of NiN, macrocyclic system from square-
planar geometry. As regards the second, non-coordinated O
atom, it is interesting to note that the longest Ni-O distance of
2.704 A (Table 1) does not correspond to the most bulky carbox-
ylates (i.e., GO~ or ND ), but to the most compact one, Fm™. And
vice versa, the shortest Ni-O distance of 2.248 A corresponds to
one of the most bulky carboxylates, namely GO~ (Fig. 2a).

The latter observation has obviously to do with easier accessi-
bility for additional coordination of Ni ion incorporated into tet-
raazamacrocyclic ring of cyclam ligand, which has no substituents.
On the contrary, tet b has six methyl substituents in the macrocyclic
ring, creating significant steric hindrance for carboxylate to
approach Ni*" ion. Therefore, the fact that in all low-spin carbox-
ylate complexes of [Ni(tet b)]** (constituting the third category) both
Ni-O distances are too long to be considered as coordination bonds
seems quite natural (exemplified for GO~ and ND™ in Fig. 3a and
¢). They vary in a very broad range from 2.369 to 3.461 A (Table 1),
as observed in [Ni(tet )*'ND~ and [Ni(tet b)*"Ad ", respectively.
And again, it is interesting to note that the shortest Ni-O separation
of 2.369 A corresponds to one of the most bulky carboxylates, ND~
(Fig. 3c), whereas the longest Ni-O separation of 3.461 A was found
for Ad™, which has R substituent of intermediate size.

3.4. Spin density and frontier orbitals

Logically, spin density plots must show the existence of
unpaired electrons for the triplet tetraazamacrocycle-carbox-
ylate complexes, and their absence for all the singlet states. As
regards the triplet carboxylates, indeed, for all of them
a significant unpaired electron density can be observed (as
exemplified for [Ni(cyclam)GO]", [Ni(cyclam)ND]", [Ni(tet b)GO]"
and [Ni(tet »)ND]" in Fig. 4). It is associated with the para-
magnetic Ni(u) centers together with all N and O donor atoms
(in other words, with the NiN,O, coordination sphere), with
a minor fraction found on other atoms of the macrocyclic
ligands. In the case of both triplet complexes with GO™, one

This journal is © The Royal Society of Chemistry 2017

should note that no appreciable spin density can be found on
the atoms of graphene sheet, despite of its hyperconjugated
nature. This fact suggests the absence of ferromagnetic
coupling, which agrees very well with the experimental results
of magnetic susceptibility measurements for paramagnetic
nanohybrids of [Ni(cyclam)]** and [Ni(tet 5)]** with GO.>®

The results obtained for low-spin tetraazamacrocycle—
carboxylate complexes were in some sense unexpected. It turned
out that these complexes fall into two categories, just like they do
when considering Ni-O distances (Section 3.3). Note that ‘singlet’
state was explicitly specified in the calculation settings. Never-
theless, for all "low-spin’ carboxylates of [Ni(cyclam)]** we found
a considerable density of unpaired electrons, as exemplified in
Fig. 4 for [Ni(cyclam)]>*GO™ and [Ni(cyclam)]*'ND ™. On the other
hand, its distribution is more constrained as compared to the
one for triplet carboxylates: besides central Ni ion, it is basically
limited to only one carboxylic O atom (coordinated to Ni ion) and
only one N atom of tetraazamacrocyclic ring. In the case of all
low-spin carboxylates of [Ni(tet 5)]**, no similar phenomenon was
observed (exemplified in Fig. 4 for [Ni(tet »)]>’ GO~ and [Ni(tet
b)’'ND"), that is, no traces of unpaired electrons was detected:
this correlates with the long Ni-O distances.

The general appearance of HOMO and LUMO plots in most
cases was found to be qualitatively similar, where both HOMO
and LUMO are associated with NiN, system and COO™ groups
(mainly O atoms) of carboxylate component: this is exemplified
in Fig. 5 for [Ni(cyclam)]*" and [Ni(tet )]** complexes with ND~,
in both low-spin and high-spin state. The four exceptions found
were their counterparts with GO~ (Fig. 5), in which HOMO tends
to be localized on the anion with a variable degree of extension to
central Ni ion and its adjacent atoms (especially in the case of
[Ni(cyclam)]**GO™). As regards LUMO, its distribution remains to
be limited to NiN, system along with carboxylate O atoms, like
for all other tetraazamacrocycle-carboxylate complexes.

In quantitative terms, we also calculated HOMO, LUMO and
HOMO-LUMO gap energies for all the complexes (as well as for

RSC Adv., 2017, 7, 17442-17450 | 17447
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[Ni(tet 5)]2"ND-

[Ni(tet )NDJ*

Fig. 5 HOMO and LUMO plots (isosurfaces at 0.03 a.u.) for low and high-spin complexes of [Ni(cyclam)]?* and [Ni(tet b)]2* with GO~ and ND~

models.

separated ions) studied; the corresponding values are presented
in Table 1. High-spin complexes exhibit systematically higher
values, ranging from 1.224 (for [Ni(tet »)GO]") to 1.835 eV (for
[Ni(cyclam)Ad]"), as compared to low-spin complexes, where the
lowest HOMO—LUMO gap of 0.427 eV was obtained for [Ni(tet
B)*GO~, and the highest value of 1.375 eV, for [Ni(tet b)]*'Bz".
No evident correlation was found between this parameter and
formation energy of the complexes or Ni-O distances in them.

4. Conclusions

The results of DFT calculations can explain why our attempts to
coordinatively functionalize nanodiamond with tetraazamacro-
cyclic cations [Ni(cyclam)]** and [Ni(tet 5)]*", and to generate
paramagnetic hybrid materials in this way failed, contrary to the
successful functionalization of graphene oxide.”” The explana-
tion offered is based on the comparison of binding energies for
low-spin (singlet) and high-spin (triplet) complexes of model
carboxylate ions GO~ and ND ™ with the two tetraazamacrocycles.

17448 | RSC Adv., 2017, 7, 17442-17450

The formation energies were interpreted in terms of AAE; ;
values, which characterize the difference in stability for the
triplet and singlet complexes. In the case of [Ni(cyclam)]**
complexation, AAE; ; values for both anions were negative,
which means that triplet is always more stable than singlet state;
the high-spin complex with GO™ is stronger than the one with
ND™, though the difference is not significant, of 1.57 kcal mol "
only. While this result can be taken as ambiguous (that is, it does
not rule out the possibility of forming high-spin [Ni(cyclam)**
carboxylate), one should remember about two circumstances
which are virtually impossible to account for in the calculations:

(1) GO™ and ND™ are extremely simplified models for real GO
and ND materials, in terms of both nanoparticle size and the
presence of oxygenated functional groups adjacent to carboxyls
subjected to coordination functionalization. In particular, steric
hindrance resulting from the presence of other functionalities
would have much lower degree on GO (only two groups at the
sides) than on ND (several groups surrounding the target COOH

group).

This journal is © The Royal Society of Chemistry 2017
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(2) The real reaction medium includes water and alcohol
solvent molecules, as well as a high concentration of ions
including NH,", OH™ and perchlorates (counterions of both
Ni(n) tetraazamacrocyclic complexes). Taken as a whole, they
create shielding and/or competing effects for the interacting
species. Apparently, these effects manifest stronger in the case
of ND, making the formation of high-spin complexes with
[Ni(cyclam)]** negligible or impossible at all.

On the other hand, in the case of [Ni(tet b)]**, even without
considering the above circumstances, comparison of the
AAE; 4 values explicitly demonstrated that the formation of
high-spin complex is highly unfavorable on ND~ contrary to
GO, where AAE;_, values obtained are 13.22 and —4.64 kcal
mol ™", respectively. The factor which results in so drastic
differences in the behavior of [Ni(cyclam)]*" and [Ni(tet b)]*", is
the existence of six methyl substituents in the macrocyclic ring
of tet b ligand, creating significant steric hindrance for
carboxylate to approach Ni** ion.
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