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Abstract: The complexes formed between carbon allotropes
(C20, C60 fullerenes, graphene, and single-wall carbon nano-
tubes) and piperidine have been investigated by means of
computational quantum chemical and experimental IR and
NMR techniques. Alongside hydrogen bonds, the C···N tetrel
bond, and lone-pair···p interactions, the unexpected N!C
dative/covalent bond has been detected solely in complexes of
fullerenes with piperidine. Non-planarity and five-member
rings of carbon allotropes represent the key structural prereq-
uisites for the unique formation of a dative N!C bond. The
results of thermodynamics calculations, molecular dynamics
simulations, and NMR and FTIR spectroscopy explain the
specific interactions between C60 and piperidine. The differ-
ences in behavior of individual carbon allotropes in terms of
dative bonding formation brings a new insight into their
controllable organic functionalization.

Introduction

Buckmisterfullerene C60 (further named as fullerene (FL),
Scheme 1), a ball-shaped compound, and its derivatives
represent the class of carbon allotropes which received
considerable attention due to their applications in bio-
related[1–3] and material-chemistry fields.[4–6] Their unique

cage structure, buckyball, greatly affects their aromaticity by
distortion of the p-conjugation from planarity leading to
a decrease of p-orbitals involved in the p-bonds and an
increase of s-orbital contribution in sp2 carbon atoms,
respectively.[7] In particular, the energy of the lowest unoccu-
pied orbitals (LUMO) decreases and, at the same time, the
electron affinity of FLs increases. Determination of the
electron affinity (EA) of C60 has been the subject of several
experimental investigations[8] and has been approached by
means of computational studies based on the DFT methods.[9]

The EA value has been estimated as 2.684 eV.[8]

The unusual electronic properties of FLs open the door to
designing new materials via FL’s functionalization. However,
what goes hand in hand with these excellent opportunities is
a well-known problem of their solubility,[10] which shows very
unusual behavior.[11] Frequently observed aggregation of
FLs,[12] originating from the positive values of their EA,
discussed above,[9] is one of the key drawbacks restricting the
application potential of FL.

The behavior of C60 upon solvation, showing an increased
solubility in aromatic compared to polar liquids, has been the
subject of several experimental studies.[11,13–17] To explain
these experimental observations, several theoretical and
computational studies have been reported,[18–30] aiming to
resolve the origin of solute-solvent interactions and to find the
most relevant parameters to correlate the solvent properties
and their efficiency to dissolve FLs.[18–22] Despite the strong
basic character of piperidine (pip, pKa = 11.12), which makes
it an efficient electron donor, the explanation of the solubility
based purely on the charge transfer is somewhat questionable,
considering the low solubility of C60 in oxygen-containing
solvents, alcohols, phenols and ketones.[20, 22]

C60 is well known to form adducts[23–25] with primary and
secondary amines, including pip. The reaction proceeds in the
presence of oxygen under both, light and dark conditions, on
a time-scale of days and with the yields of about 50%. The
addition starts with an electron transfer C60 followed by

Scheme 1. Fullerenes C20 and C60 and pip (C5H11N).
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Šlechtitelů 27, 78371 Olomouc (Czech Republic)

W. Wang
College of Chemistry and Chemical Engineering, and Henan Key
Laboratory of Function-Oriented Porous Materials
Luoyang Normal University, Luoyang 471934 (China)
E-Mail: wzw@lynu.edu.cn
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radical recombination and the zwitterion formation, which
stabilizes either by proton transfer to C60, forming C@H bond,
or by oxidation and consequent deprotonation and radical
recombination.

We have examined the character of the interactions in the
complexes of pip with C20 (1:1), C60 (1:n) and its fragment
C30H20 (1:1), all containing five-member rings, as well as in the
graphene, modelled with circumcoronene, and graphene
nanotubes, modelled with C54H18 and C228H38, respectively,
although solely containing six-member rings. The calculations
were performed by the dispersion-corrected-DFT method,
employing the PBE0-D3[26] functional, whose reliability was
verified on the basis of the comparison with the results
obtained from pip···pip (pip2) and C20···pip complexes by the
method of high-accuracy CCSD(T). The interactions are
described in terms of both interaction and binding free
energies at 298 K. To provide a more realistic picture of the
solvation, molecular dynamics simulations were performed
on C60 in pip droplet containing up to 21 molecules of the
solvent at 298 K. The experimental results obtained by means
of FTIR and (H,C)-NMR spectroscopies fully support the
predicted character of the C60···pip interaction.

Our results demonstrate the formation of the dative bond
between the electron donor (secondary amine pip) and the
electron acceptor (FL), qualitatively different from the
addition of secondary amines to FLs under light and in the
presence of oxygen, which occurs through oxidation
of the previously formed ion pair between FLs and
secondary amines.[25, 27, 28] A dative bond represents
a type of covalent bond, hence the name covalent/
dative bond, in which one fragment donates two
electrons to the bond, unlike the electron sharing
bond formed from the interactions of one unpaired
electron of both fragments.[29, 30]

We clearly proved that the changes in the
aromaticity of non-planar carbon allotropes, previ-
ously explained by a smaller overlap of p-orbitals,
differ for systems that contain five-member rings
with respect to those constructed purely from six-
member rings.[31]

Results and Discussion

Interaction Energies

The character of interactions between the solvent mole-
cules is investigated using pip dimer, the H-bonded complex
with the N@H···N H-bond length of 2.16 c (in Figure 1). The
size of the system also allows employing the benchmarking
DFT method to model the C60 solvation. The interaction
energies of pip2 dimer calculated using PBE0-D3/def2-
TZVPP, MP2 and CCSD(T) methods are given in Table 1.
The negligible difference between DE and DEINTR indicates
only marginal structure changes upon complexations. The
DFT method provides slightly larger stabilization energies,
and its comparison with the benchmark CCSD(T) calcula-
tions makes room for discussion, also based on the MP2
calculations. When the triple-zeta basis sets are used, the DFT

overestimates the interaction energies by 1.5 and 1.2 kcal
mol@1, in comparison with CCSD(T) and MP2 methods,
respectively. The more flexible cc-pV5Z basis set gives the
energy difference of 0.6 kcalmol@1, thus the DFT interaction
energies are overestimated by about 10 %. As the DFT
method is known to be less basis-set-dependent, compared to
the discussed wave-function methods, the error in DFT-
calculated binding energies is not expected to significantly
exceed the observed 10%, with respect to the CCSD(T)
results extrapolated to the complete basis set (CBS) limit. The
fair agreement between the MP2 and CCSD(T) stabilization
energies which makes the former method suitable for
benchmarking of C60 systems stabilization energies where
the CCSD(T) calculations are not computationally feasible.

The optimized structure and properties of C20···pip com-
plex are displayed in Figure 1 and Table 1. The N@C distance
in the complex is 1.523 c, only slightly larger than the typical
values of covalent C@N bonds (the optimized C@N bonds in
pip are 1.453 c). Notably, the similar type of interaction as
described in the current paper has been already reported for
the complex between C20 and N2H2.

[32] Importantly, DEINTR

Figure 1. PBE0-D3/def2-TZVPP optimized geometry of pip2, C20 with
pip, C60 with pip, and C60 and pip2 with selected bond lengths between
fullerene and pip in b (dark blue), hydrogen bond lengths between
pips (light blue) in b, and DEINTR(green), and DE (red) in kcal mol@1.

Tabelle 1: Intrinsic interaction energies (DEINTR, in kcalmol@1) of pip2 and C20···pip
complexes.

Method CCSD(T)[a] MP2 DFT[b]

N D T D T Q 5
pip2 @3.8 @4.7 @3.8 @5.0 @5.4 @5.6 @6.2 (@6.1)[c]

C20···pip @30.2 @43.2 @29.3 @37.0 @40.1 @41.3 @50.9 (@31.7)[c]

[a] cc-pVnZ basis set. [b] def2-TZVPP. [c] Total interaction energy (DE) is given in
parentheses.
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calculated at the PBE0-D3/def2-TZVPP level is 50.9 kcal
mol@1, almost identical to DEINTR value of 49.9 kcalmol@1

obtained for the N!B dative bond in ammonia borane
(H3NBH3) addressed as the prototype dative complex. In
conclusion, the short intermolecular distance and large
stabilization energy indicate the formation of a new chemical
entity with the dative bond between N (pip) and C (C20).
Several types of dative bonds have been reported previous-
ly.[29, 33–41]

The difference between the DE and DEINTR values of
about 19 kcal mol@1 shows a significant structure deformation
upon complexation. Assuming changes in the MP2 interac-
tion energies with the increasing basis set, the PBE0-D3/def2-
TZVPP approach is expected to provide results of the binding
energies with an error of about 10%, compared to extrapo-
lated reference CCSD(T) levels. Our results obtained with
PBE0-D3 functional are in good agreement with those
calculated for C20···N2H2, that is, complex with two C@N
bonds, employing M06-2X functional and 6-311G(d,p) basis
set, which gives the interaction energy of@57.8 kcalmol@1 and
the bond length of 1.472 c.[32]

The optimization of C60···pip provides a more complex
picture with a large variety of local minima, including non-
covalent complexes and the complex with the N!C dative
bond. Their structures, characterized by C···N intermolecular
distances and intrinsic and total interaction energies obtained
by the PBE0-D3/def2-TZVPP approach are given in Figure 1
(Supporting Information, Figure S1) and Table 2. In the
former complex type pip is attached to C60 via non-covalent
NH···C and CH···C hydrogen bonds (NH-C and CH-C
structures, respectively), the C···N tetrel bond[42] (C–N
structure) with bond lengths of 2.6–2.9 c and the lone-pair
(N)···p noncovalent interaction to five-(LP-R5) or six-mem-
bered (LP-R6) structures with bond lengths of about 3.1 c.
Their DEINTR and DE values are within 1.1 kcalmol@1

(Table 2).
Figure 1 displays two optimized complexes, labeled C-N

and DB, with similar mutual orientations of C60 and pip,
leading to different orientations of the N (pip) lone pair, with
respect to the C60 buckyball structure, significant differences
in intermolecular C···N distances (cf. 2.896 c and 1.606 c for
C-N and DB, respectively) and DEINTR values (see Table 2) of
@5.2 and @17.2 kcal mol@1, respectively. By comparison, the
interaction energies for the stacked configurations of the
complex C60···benzene are in the range of @5.49 to @4.13 kcal
mol@1.[19]

The values of the interaction energies in DB deserve
a detailed discussion, based also on the comparison with non-
covalent complexes and C20···pip. In particular, the negative
value of the intrinsic interaction energy (DEINTR =@17.2 kcal
mol@1) is compensated by an almost identical value of the

deformation energy, leading to slightly repulsive interactions
of + 0.2 kcal mol@1. The large deformation energy (cf Ta-
ble S3) is explained by a distortion of C60 in DB, compared to
the regular buckyball structure of the other non-covalent
C60···pip complexes (see Figure 1), with negligible deforma-
tion energies not larger than 0.05 kcalmol@1 (Table 2).

The existence of the N!C dative bond in the C60-pip
system was also verified using MP2 (see Table 2). The
interaction energy in DB with the N!C dative bond is
slightly larger at the DFT level, in agreement with the
previous observation on the C20···pip. The MP2 method,
however, predicts DEINTR in non-covalent complexes to
increase by about 2 kcal mol@1, which is consistent with the
well-known overestimation of the dispersion energy at the
MP2 level.

Although the N!C dative bond was predicted in C60···pip
complex, the large deformation energy casts doubt on its
existence. However, the above-discussed stability is based on
the gas-phase calculations, and only one pip molecule is
considered. The description of C60···pip interactions in pip
solvent requires calculations of models with more solvent
molecules and will proceed in two directions: analyses of the
C60 complex with pip2 and with pip droplet containing up to 21
pip molecules.

The complexes of C60 with pip2 investigated in this study
include binding via a dative bond (T-1, Figure 1) and non-
covalent N···C bonds (T-2, Figure 1). Both, total and intrinsic
interaction energies (see also Table 3) are calculated with
respect to pip2, in which pip molecules are labeled as inner
and outer pip.

In the case of the T-1 complex, pip subunits bound to C60

via the N!C dative bond (inner pip), with the bond length of
1.562 c (cf. 1.606 c in DB), and the NH···C hydrogen bond
(outer pip), with the bond length of 2.519 c Figure 1 (cf.
2.557 c in NH-C; Supporting Information, Figure S1). It
should be noted that the H-bond between the pip subunits in
C60···pip2 significantly shortens (by 0.39 c), compared to the
H-bond in pip2. The intrinsic interaction energy is analyzed in
terms of partial energies of the inner and outer pip subunits in
Table 3. Binding of the former is increased by about
3 kcalmol@1 and decreased by 1 kcalmol@1 in the case of the
outer pip, respectively. The difference between their sum and
the value of the total intrinsic interaction energy (13 kcal
mol@1, cf. the SEpart and DEINTR values in Table 3) demon-
strates the significant cooperative effect on the binding of the
two pip subunits. Despite the large value of the deformation
energy of 24 kcal mol@1, the whole complex is stable with the

Tabelle 2: The intrinsic interaction energies (DEINTR, in kcalmol@1) and
total interaction energies (DE, in kcalmol@1) of C60···pip complexes.

C-N LP-R6 LP-R5 NH-C CH-C DB

DEINTR (MP2) @7.1 @6.9 @7.2 @6.3 @6.8 @14.0
DEINTR (DFT) @5.2 @5.0 @5.0 @4.5 @4.1 @17.2
DE (DFT) @5.1 @5.0 @5.0 @4.5 @4.1 + 0.2

Tabelle 3: Total and partial intrinsic interaction energies (DEINTR, kcal
mol@1) for C60···pip2 complex.

System Epart SEpart DEINTR

DEINTR

(inner pip)[a]
DEINTR

(outer pip)[b]

T-1 @20.36 @3.67 @24.03 @36.95 (@13.02)[c]

T-2 @4.48 @3.89 @8.76 @9.63 (@9.26)[c]

[a] calculated as the difference between DEINTR energy of C60···pip2 and
DEINTR of C60···outer pip. [b] Calculated as the difference between DEINTR

energy of C60···pip2 and DEINTR of C60···inner pip. [c] The total interaction
energies (DE in kcalmol@1) are given in parentheses.
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total interaction energy of @13 kcalmol@1, unlike the slightly
unstable DB 1:1 complex. The larger stability of the T-1 can
be explained by a charge transfer cascade in the sequence
outer pip ! inner pip ! C60, which results in a larger charge
separation, compared to DB. Consequently, the electron
density at N involved in the N!C dative bond increases and
the bond strengthens. The increased charge transfer is
reflected in the changes in the NBO populations (Supporting
Information, Table S4) of the s*(N-H) antibonding orbital,
calculated as 0.017 in an isolated pip molecule, 0.030 in H-
bonded pip dimer, 0.026 in DB and 0.101 in T-1, respectively.
The difference between the populations of the two former
corresponds with the formation of the N(lone pair)···s*(N-H)
H-bonded pip2 complex (DEINTR =@6.20 kcalmol@1, Table 1).
The large population of the corresponding s*(N-H) in T-
1 evidences a significant charge transfer to C60 accompanying
the formation of the strong the N!C dative bond (DEINTR =

@20.36 kcalmol@1, Table 3).
In T-2, the inner pip interacts with C60 via the C···N tetrel

bond (relevant to C-N structure) and the outer pip bounds via
the C-H···C (C60) H-bond. The N-H···N H-bond within the
pip2 subunit shortens by about 0.08 c, compared to the pip2

dimer. The strength of the C60···inner pip interactions is
comparable (within the range of 0.6 kcalmol@1) to the
corresponding C···N interaction in the C-N complex (Fig-
ure 1), although the bond distance is significantly, by 0.29 c,
smaller in C-N. Unlike for T-1, comparable values of SEpart

and DEINTR indicate almost additive contributions of inner
and outer pip subsystems to the overall stabilities of T-2; the
cooperative effects do not account for more than 10% of the
total DEINTR. Further, the deformation energy is significantly
smaller.

The above-discussed results on T-structures show impor-
tant differences in the potential energy surface (PES)
characters of C60···pip2 and C60···pip. In particular, the slightly
unstable DB complex stabilizes upon the extension with an
additional H-bonded pip in T-1, which, in contrast to DB,
becomes more stable than the non-covalent T-2, and corre-
sponds to the global minimum on the C60-pip2 PES. These
changes indicate enhanced electron-acceptor properties of
C60 in the presence of other pip molecules, along with
a preferential formation of dative bond when C60 dissolves
in pip. The hydrogen bond enhanced strength of the dative
bond can be thus regarded as a subclass of noncovalent
cooperativity.[43, 44] The existence of several minima of C60

complexes, such as those found in C60···pip on PES along

single-coordinate (C···N), has been reported previously on
other complexes of C60.

[45]

The calculations on the carbon allotropes with six-
membered rings only do not confirm the existence of
dative/covalent bond. In this case, only the non-covalent
complexes are formed (see discussion on FTIR spectra,
Supporting Information).

C60···pip21. The solubility of C60 in pip (modelled with 21
pip molecules) was investigated using the PBE0-D3/6-31G*
approach. The performance of the less flexible basis set was
verified by comparing the interaction energies in smaller
complexes with C20 and C60 (Supporting Information, Ta-
ble S5). Figure 2a displays the optimized structure of
C60···pip21 and the intrinsic interaction energy showing one
pip interacting via the N!C dative bond and the remaining
pip molecules via non-covalent interactions. The intrinsic
interaction energies of C60···pip20 with one molecule of pip2 (cf
T-1 complex) being removed, interacting either non-cova-
lently (Figure 2c) or via the dative bond (Figure 2b), are
shown to illustrate their mutual effects on the complex
stability. The sum of the intrinsic interaction energies of the
former complex (Figure 2c) and dative C60···pip complex
(Figure 2d) is@116.3 kcalmol@1, which is by 26 kcalmol@1 less
than the interaction energy calculated for the full C60···pip21

complex (@142.4 kcalmol@1), demonstrating a significant syn-
ergy effect of the non-covalent interaction and the N!C
dative bond. In particular, the formation of the dative bond
increases the electron density of C60, leading to stronger N@
H···C and C@H···C hydrogen bonds. Similarly, the sum of the
intrinsic interaction energy in Figure 2b (@123.4 kcalmol@1)
and energies of two missing H-bonds (ca. 12 kcal mol@1) is
lower than DEINTR of the C60···pip21 (Figure 2a) by about
7 kcalmol@1. This difference can be related to the above-
discussed enhancement of the interaction strength of the
dative bond in the hydrogen bonded pip2.

More details on the dissolution mechanism were obtained
with calculations displayed in Figure 3. Different initial
structures with one, two and three pip molecules attached
with N!C dative bond to C60 and the H-bond to the
neighboring pip molecule, respectively, were optimized using
the PBE/6-31G* approach (for justification of the PBE-D3
approach see the results of thermodynamics terms in the
Supporting Information, Table S5). The calculations show
that the most stable arrangement is with two N!C dative
bonds, followed by the complex with one and three N!C
dative bonds, less stable by 11.2 and 22.1 kcal mol@1, respec-
tively. It should be noted that the last structure resulted from

Figure 2. PBE0-D3/6-31G(d) interaction energies of the complexes C60···(C5H11N)21 (a), C60···(C5H11N)20 (b) with dative bond, C60···(C5H11N)20 (c)
without dative bond and C60···C5H11N (d). The geometries of C60···(C5H11N)20 and C60···C5H11N are extracted from the PBE0-D3/6-31G(d) optimized
geometries of C60···(C5H11N)21.
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the optimization of the complex with six dative bonds (see
Figures 3c,d), which corresponds to the previously stated
expectation of the limited ability of C60 to form dative bonds
with pip.

The free energy calculations (see the Supporting Infor-
mation for details) support the thermodynamic stability of the
of C60···pip2 also at temperature 298 K.

The dative bond was confirmed also using MD simula-
tions of C60···(pip)21 performed at 300 K for 0.1 ns. Results are
shown in the Supporting Information, section 2.

FTIR Spectra

The FTIR spectra of C60 and its mixture with pip before
and after the evaporation of some excess amount of unbound
pip molecules (labeled C60-P1 and C60-P2, respectively) are
shown in Figure 4. The spectrum of the pip alone shows the
collective band at 1000–1200 cm@1 due to the C@N bond and
skeletal -C-N-C stretches[46, 47] (Figure 4a), which is in good
agreement with the calculated value of 1242 cm@1 (intensity
17 kmmol@1). The bands of the C-N stretch of pip also
dominate the spectrum obtained after the mixing and grind-
ing of pip with C60 (Figure 4a, spectrum C60-P1). After
evaporation of excess pip, new bands at 872 cm@1 and
988 cm@1 appear in the spectrum (Figure 4a, spectrum C60-
P2), assigned in calculations (Supporting Information, Ta-
ble S2c and Figure S4) to symmetric (866 cm@1, 383 km mol@1)
and asymmetric (994 cm@1, 46 km mol@1) stretches of dative
N!C bond in C60-pip2 complex.

The spectra in the frequency region higher than 3000 cm@1

reflect the changes of N-H stretching vibrations of pip. The
calculated N-H stretching frequency of the pip (Supporting
Information, Table S2a) is 3514 cm@1 with a negligible inten-
sity of 1 km mol@1. Upon the pip2 and pip3 formation, these
bonds are either involved in hydrogen bonding (NH-bond) or
remain non-bonded (NH-free). The corresponding band of
the former is red-shifted to 3401 cm@1, with intensity of 275
km mol@1, in the case of a single H-bond pip2 and to 3306 and
3340 cm@1 (intensities of 434 and 461 kmmol@1) owing to
a combined more curved later structure bands of the two
hydrogen bonds in pip3 (Supporting Information, Table S2).
Both, the red-shift and the increased intensity manifest the
well-known effect of the hydrogen bond formation. The
frequencies and intensities of the NH-free bonds do not
change. Based on these calculations, the band at 3280 cm@1

visible in the spectra of pip and C60-P1 (Figure 4b) can be
assigned to the N-H stretch of the NH-bonds in the pip
solvent. In the C60 -P2 spectrum, the intensity of the band at
3280 cm@1 decreases and, at the same time, a new band at
3444 cm@1 appears (Figure 4b). The calculations predict
a strongly shifted (by 300 cm@1) and high-intensity peak
(2705 cm@1, 1534 km mol@1) in the C60···pip2 complex for the
NH-bond, which is, however, hidden within the C@H vibra-

Figure 3. PBE-D3/6-31G* optimized geometry of C60···pip21 complex.
Structure a) contains one dative bond, structure b) two and structure
d) three dative bonds. Optimization of starting structure c) having six
dative bonds led to structure d) with three dative bonds. Numbers in
red correspond to relative energies in kcalmol@1.

Figure 4. FTIR spectra of C60 and its complex with pip (Pip) before evaporation (C60-P1) and after evaporation of some excess amount of unbound
pip (C60-P2) at two spectral windows for the observation of (a) the C-N stretching and N-H bending vibrations, and (b) the N-H stretching
vibrations.
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tional stretching bands (see Figure 4b). Inspection of the
calculated vibrational frequencies and intensities of the NH-
free bonds in pip, C60···pip and C60···pip2 reveal both a red-shift
and an intensity increase. Based on this and the geometry
parameters obtained from the T-1 optimization (the distance
between H (outer pip) and C(C60) is 2.5 c, Figure 1), the
discussed band at 3444 cm@1 in C60-P2 can be linked to the N-
H stretch of the outer pip interacting with C60 via van der
Waals interactions. It should be noted that the C-H vibrations
of the pip observed in the frequency region of 2700–3000 cm@1

are retained without changes (Figure 4 b).
The changes observed in the spectral region of 1500–

1600 cm@1, relevant to the N-H bending modes, provide
additional information about the character of C60 interaction
with pip. The characterization of the peaks due to the NH-
free bending in pip2 and pip3 is similar to that of pip monomer,
that is, the frequency of & 1520 cm@1 and a low intensity of
about 7 kmmol@1 (Supporting Information, Table S2b). The
formation of hydrogen bonds within the pip cluster (pip2,
pip3) results in the blue-shift of the bands by about 70 cm@1,
keeping a negligible intensity (Supporting Information,
Table S2). In the case of the interaction with C60, the blue-
shift is smaller (ca. 40 cm@1) but the intensity is increased to 43
km mol@1 (Supporting Information, Table S2). These calcu-
lations provide the bases for the interpretations of the band at
1540 cm@1, observed solely in the C60-P2 spectrum, to the
bending mode of the NH-bond of the inner pip in which the N
atom interacts with the electron acceptor (from formation of
a dative bond or non-covalent interactions (see below)).
Therefore, this new band excludes the possibility of the
complexation via the addition of secondary amines to FL,
accompanied by oxidation,[25,27, 28] since the corresponding
hydrogen atom is released upon this reaction.

The FTIR spectra of the mixture of pip with graphene
(Gr) and single wall nanotubes (NT) are illustrated in the
Supporting Information, Figures S5 and S6, respectively, in
the same spectral regions as discussed for the complex with
C60. The bands of the starting graphene material at 1272 and
1575 cm@1 (Supporting Information, Figure S5a, Gr) are
attributed to two different vibrational modes of conjugated
aromatic rings in the graphene sheet with defects. Concerning
the spectral signs linked to the complex formation between
C60 and pip: 1) the band at about 3500 cm@1 (assigned to
3444 cm@1 in C60-P2, see above for its interpretation), and
2) the band at about 1550 cm@1 (assigned to 1540 cm@1 in C60-
P2, see above for its interpretation) become prominent in the
spectra of the mixture of pip with Gr or NT. This observation
is confirmed by computational modelling of the interactions
of pip2 with circumcoronene, representing Gr surface, and
a NT fragment (Supporting Information, Figure S6). In both
cases, the optimization results in a structural arrangement
similar to that of T-2.

Importantly, the bands at 872 and 998 cm@1, due to the
stretching modes of the N!C dative bond, are missing in
both spectra, demonstrating the inefficiency of these allo-
tropes to form a dative bond with pip.

NMR Spectroscopy

Figure 5 displays the 1H-NMR and 13C-NMR spectra of
pure C60, pure pip, and their mixtures in deuterated 1,2-
dichlorobenzene. In the aliphatic (pip) region of the proton
NMR spectrum of the C60-pip mixture, the broad signal at
about 3.4 ppm and narrow signal at about 1.9 ppm correspond
to hydrogens in alpha- (H2) and beta-(H3) positions with
respect to nitrogen, respectively. The signal due to hydrogens
in gamma- position (H4) in the complex is overlapped by the
very intense peak of free pip. Its chemical shift can be
obtained from two-dimensional proton-carbon correlation
experiment (Supporting Information, Figures S8–S14). The
lack of the signal due to the NH proton can result either from
its overlap with other signals and/or its severe broadening.
The chemical shifts of the C@H hydrogens are higher in
complexes than in free pip, with the differences 0.53 ppm
(H2), 0.29 ppm (H3) and 0.07 ppm (H4), respectively, in-
dicating their smaller shielding in the complex and thus
a decrease of electron density upon complexation. The largest

Figure 5. Part of 1H NMR (top) and 13C (bottom) spectra of 1,2-
dichlorobenzene-d4 (550 mL) solutions of a,d) pip (20 mL), b,e) mixture
of C60 (14.7 mg) and pip (20 mL) and c,f) C60 (14.7 mg). The black
dashed arrows highlight the signals of the C60-pip complex. Full spectra
(including the aromatic region) and spectra with variable amounts of
pip are shown in the Supporting Information.
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difference in chemical shift observed for H2 indicates a direct
involvement of pip N-atom in the complex formation.

Similar to H-NMR spectra, two new signals appear in the
aliphatic part of C-NMR spectra of pip and C60 mixture,
demonstrating the complex formation. Comparison of the
differences of chemical shifts of pip C-atoms shows the most
pronounced shift for C2 (4.1 ppm), in agreement with
corresponding differences observed in H-NMR spectra. The
signal corresponding to C3 in the complex is overlapped by
that of free pip. Furthermore, new signals appear also in the
C60 region at 140–150 ppm (Supporting Information, Fig-
ure S10). Importantly, no signals are observed in the region of
70–80 ppm, characteristic for addition (that is, covalent bond
formation) of secondary amines to C60.

[25]

The spectral characterization, that is, the shape and
intensity of signals, provides further characterization of the
complex behavior. The broader signals due to H2 in the C60-
pip complex as compared to free pip can be explained by
multiple complex formation (multiple complex structures)
and their dynamic behavior, that is, C60···(pip)n$C60···(pip)n-

1 + pip equilibria. The multiple signals observed in the spectra
obtained with variable pip concentration (Supporting Infor-
mation, Figure S10) confirm the presence of multiple complex
structures, that is, complexes with one or more pip molecules.
The dynamic behavior of the C60-pip complex can be deduced
from variable temperature NMR experiments (Supporting
Information, Figure S14). Narrowing of the broad signal and
intensity decrease observed at elevated temperatures indicate
that the signals correspond to metastable species which satisfy
the above equilibrium between the complex and its compo-
nents.

The intensity of the signals of the C60-pip complex are
significantly lower than those of the free components.
Considering C60 and pip concentrations, the integration of
the signals in proton NMR spectra can be used to determine
the complex concentration and to estimate the complexation
free energy. The estimated value of DG value at 25 88C is
@0.1 kcal mol@1, which is in excellent agreement with the
calculated value for C60···pip2 (Supporting Information, Ta-
ble S5).

Preconditions for the Formation of a N!C Dative Bond:
Structural Aspects

Unusual reactivity of carbon allotropes is related to their
different structural and electronic properties. Our results
concerning the formation of the N!C dative bond between
pip and C20 or C60, constructed either exclusively from the
five-member rings or from both five- and six-membered rings,
confirm this explanation. The observed character of the
binding of pip to carbon nanotubes, which contain solely six-
member rings, raises the question whether the out-of-
planarity deviation is the only prerequisite to alter the
aromaticity. More detailed analyses of the curvature effect
were made by calculations performed on carbon allotropes
with six-member rings modelling nanotubes with different
diameters, 7 and 15 c (Supporting Information, Figure S7),
which corresponded to those of C60 and experimentally used

NT, respectively. The data displayed in the Supporting
Information show an absence of dative complexes with pip
and confirm our experimental and computational observa-
tions of the structural requirement, that is, the presence of
five-member rings to form such complexes.

To provide an explanation for the different behavior of
allotropes with and without five-member rings, the calcula-
tions were performed for the C30H20···pip2 complex, in which
the C30H20 fragment represents the half of the C60 buckyball
(Figure 6a). The C30H20 is the largest C60-fragment, which can
possibly vary the degree of cage curvature in its equilibrium
structure. Both, full and partial optimizations of the complex
were performed. The full optimization of the complex
resulted in a non-covalent complex (Figure 6b, C30(opt))
characterized by a small DEINTR value of @7.56 kcalmol@1

(Table 4) and relatively large C-N distance of 3.28 c. During
the optimization procedure, the C30H20 fragment slightly
opens and the curvature of the bowl becomes smaller. In the
partial optimization, the C30H20 structure was cut from T-
1 and kept frozen (Figure 6c). The resulting DEINTR of
@18.78 kcalmol@1 (Table 4) and C@N bond distances of
1.58 c indicate formation of the complex (labeled as C30(C60))
with one N!C dative bond. The EA values of isolated
C30(opt) and C30(C60) fragments (Table 4) significantly differ
with the more positive EA value for the more curved later
structure. These values correlate well with aromaticity
parameters derived from the harmonic oscillator model of
aromaticity (HOMA).[48] Using this approximation, the
HOMA index fits into the interval HOMA = 0 for the
Kekule structure of benzene and HOMA = 1 for aromatic
benzene. The values of 0.89 and 0.93 for the 5- and 6-member
ring of C30(opt) show its more aromatic character compared
to C30(C60) with the values of 0.69 and 0.85, respectively.
Importantly, the drop of the aromaticity index is significantly
larger in the case of the five-member ring (by 0.2) between
C30(opt) and C30(C60) compared to the lowering by 0.08 for
the six-member ring. This result indicates more pronounced
structure effects on the aromaticity in the former and provides

Figure 6. PBE0-D3/def2-TZVPP optimized geometries of C30H20 with
selected hydrogen bond lengths between pips (light blue) in b, and
DEINTR(green) and DE (red) in kcal mol@1.

Tabelle 4: The interaction energies (DEINTR, kcal mol@1), electron affinity
(EA, in eV) and HOMA values of C30H20···pip2 complexes.

Structures DEINTR EA HOMA

5-membered ring 6-membered ring
C30(opt) @7.56 + 0.21 0.887 0.926
C30(C60) @18.78 + 0.45 0.693 0.846
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explanation for surprisingly different reactivity of non-planar
carbon allotropes, carbon nanotubes, constructed from six-
member rings only.

Conclusion

The results of computational modelling and experimental
IR and NMR studies of the complexes of a secondary amine,
pip, and various carbon allotropes have been performed to
provide insight into the unusual behavior of FLs with respect
to other carbon allotropes. It has been shown that the positive
electron affinity resulting from non-planarity of carbon
framework is responsible for the formation of the covalent/
dative bond between pip and FL, in particular C60. Analyses
of the aromaticity of carbon allotropes revealed that not only
their non-planarity but also the structural motives present in
the carbon framework determine the character of the electron
affinity, along with their ability to form the covalent/dative
bond. This observation is demonstrated on a different bond-
ing character of pip to C20 and C60 FLs, containing five-
member rings, compared to that of pip to single wall carbon
nanotubes that were constructed solely from six-member
rings. The present observations provide information about the
reactivity-structure relations of carbon allotropes potentially
useful for their simple and selective covalent functionaliza-
tion applicable to a broad portfolio of nanotechnologies.
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ski, Symmetry 2010, 2, 1485 – 1509.

Manuskript erhalten: 22. September 2020
Akzeptierte Fassung online: 6. Oktober 2020
Endggltige Fassung online: 24. November 2020

Angewandte
ChemieForschungsartikel

1978 www.angewandte.de T 2020 Wiley-VCH GmbH Angew. Chem. 2021, 133, 1970 – 1978

 15213757, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.202012851 by Institute O

f O
rganic C

hem
istry, W

iley O
nline L

ibrary on [19/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/anie.201306501
https://doi.org/10.1002/anie.201306501
https://doi.org/10.1002/ange.201306501
https://doi.org/10.1021/acs.accounts.9b00189
https://doi.org/10.1021/acs.accounts.9b00189
https://doi.org/10.1080/08893110310001621754
https://doi.org/10.1021/ja505949m
https://doi.org/10.1021/ja505949m
https://doi.org/10.1016/j.saa.2015.05.090
https://doi.org/10.1016/j.saa.2015.05.090
http://www.angewandte.de

