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Graphynes (GYs) are two-dimensional alloptropic forms of carbon consisting of periodically arranged sp-
and sp2-hybridized carbon atoms in a planar structure. Graphynes can be formally created from
graphene by inserting sp-hybridized carbon links into selected points of the graphene lattice. Depending
on where the links are introduced, several forms of graphynes have been proposed with properties that
make them potential candidates for new generation electronics or for applications in chemical
processes. Since the applications of each form of GY depend on its structure, it is of interest to
experimentally distinguish different forms of graphynes. In this paper we propose nuclear magnetic
resonance (NMR) as a potential method of choice for such distinction. We computationally investigate
on the DFT level the *C-NMR chemical shifts for a-, B-, y-, rhombic, and 6,6,12-graphynes, and a- and
v-graphdiynes. We perform the calculations both in periodic systems and with approximate finite
models. The results show that NMR chemical shifts in graphynes are dependent on the structure and

Received 19th August 2022, reflect the local bonding around the carbon nucleus. Interestingly, NMR shifts of several graphynes show

Accepted 30th September 2022 anomalous values, differing significantly from shifts found in typical sp2-hybridized systems. We analyze
these results in terms of local structural parameters and qualitatively investigate the possible origins of

these anomalous NMR shifts. The results show that NMR is a viable method for determining the
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1 Introduction

Carbon naturally occurs in significant quantities in two allo-
tropic forms as diamond and as graphite. The structure of
diamond is a three-dimensional network of sp’-hybridized
carbon atoms forming a transparent, mechanically hard
electric insulator. Graphite, on the other hand, is composed
of stacked two-dimensional sheets of sp®-hybridized carbon
atoms, and is a soft, dark material with good electric
conductivity.

The contrast between the properties of diamond and gra-
phite gives a glimpse into the range of different materials
carbon can form. Due to the ability of carbon atoms to create
energetically favorable single, double, and triple bonds, a wide
variety of chemically stable structures can be formed. Many of
these forms have been prepared or isolated in the laboratory
and characterized, often showing interesting properties. Exam-
ples include fullerenes, nanotubes, nanoribbons, or carbon-
based quantum-dots.
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structure of graphynes and their finite precursor molecules.

In recent years carbon allotropes forming two-dimensional
(2D) structures with translational symmetry within a single
plane have attracted considerable interest. The first such
experimentally prepared system was graphene, which is essen-
tially a single layer of graphite,’ composed of fused six-member
rings of sp>-hybridized carbons (Fig. 1).

More complex two-dimensional structures can be created by
formally inserting sp-hybridized acetylene links into the struc-
ture, creating so-called graphynes (GYs). Remarkably, gra-
phynes were first proposed in 1987, almost two decades
before the experimental preparation of single-layer graphene.

Graphynes can occur in a variety of structures, depending on
the number and position of the acetylene links inserted into the
graphene lattice. Different graphynes have been shown to
considerably differ in their properties. This variability of prop-
erties gives graphynes a wide range of applications. Thanks to
their uniform pore sizes some graphynes were proposed as
membranes for the separation of gases® or for water
desalination.” The large surface area of GYs allows them to
efficiently adsorb metals, providing applications such as hydro-
gen storage materials,®® electrode materials for lithium
batteries,” or removal of heavy metals from water.'® The gra-
phynes also possess interesting electronic properties, such as
carrier mobility even higher than graphene," making them
viable candidates for molecular electronics or spintronics."?
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Fig. 1 Structures of 2D carbon materials investigated in this study: graphene, a-graphyne, a-graphdiyne, B-graphyne, y-graphyne, y-graphdiyne,
rhombic graphyne, and 6,6,12-graphyne. Circles indicate unique atoms, bars labelled a—h show unique bonds and the dashed regions denote unit cells.
In the following discussion the sp? atoms are labeled “B" (branch) and sp atoms are labeled “L" (linkers). We note that each of these structures represents
a single resonance form and the bonding situation should not be interpreted literally. In particular, benzene rings in graphene, y-graphyne, y-graphdiyne,
and 6,6,12-graphyne should be interpreted in terms of typical benzene resonance structures, and the sp?-hybridized carbons in a-graphyne and o-

graphdiyne as having three equivalent bonds due to the symmetry.

The large variety of possible arrangements of carbon atoms
and correspondingly different properties and applications call
for reliable ways to distinguish different graphyne structures. In
this study we propose nuclear magnetic resonance (NMR) as a
possible method of choice for such distinction. NMR is a
convenient technique as it is non-destructive and can be
performed for samples in both solid state as well as in solution.
In addition, the NMR shielding constants are quite sensitive to
the local molecular structure around the nucleus and thus can
reveal both the bonding arrangements as well as interesting
local electronic properties. '*C NMR has been shown to be a
useful tool for studying different carbon allotropes, such as
disordered carbon'®'* or graphene'*™® and its different spin
states."”'®

In this work we calculate NMR shielding for seven different
graphyne systems shown in Fig. 1 both for periodic models and
for finite models. The results show a wide range of values of
nuclear shielding. In several cases the chemical shifts of sp-
and sp>-hybridized carbon atoms switch order and the signals
occur at values contrary to chemical intuition. We establish the
correlation between the NMR shifts and local structural para-
meters such as hybridization of nearby carbon atoms, and
rationalize the shifts by electron density analysis on finite
models. The results show that NMR has potential for experi-
mental identification of graphynes and their fragments, and
that quantum-chemical modelling is vital for correct assign-
ment of NMR signals in these structures.

2 Methods

2.1 Periodic calculations

Periodic lattice calculations were performed in Quantum
Espresso 6.4.1."97> All calculations were performed using the
C.pbe-rrkjus-gipaw-dc pseudopotential®® and the PBE** density
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functional on the Monkhorst-Pack grid.>® The structures were
optimized with dispersion correction (DFT-D3)*® with energy
cutoffs of 40 Ry and 400 Ry for wavefunction and charge
density, respectively. The number of k-points in the grid was
increased until the difference in all bond lengths between two
calculations with n and n + 1 k-points was <0.1%. Detailed
parameters for optimizations and geometric parameters of the
optimized structures are given in the ESL{ For each optimized
graphyne the band structure was calculated and compared with
the literature to confirm the electronic state of the system.
Good agreement was found in all cases (see the ESIt).

NMR nuclear shielding calculations were performed with
the GIPAW method,*** using identical pseudopotential and
DFT functionals as in geometry optimization and with energy
cutoffs for wavefunction and charge density 65 Ry and 650 Ry,
respectively. The convergence of the nuclear shielding with
respect to the number of k-points was tested by increasing
the density of the grid with the criterion <0.2 ppm between two
consecutive calculations used as a threshold. An exception is
the system 6,6,12-GY, where this criterion was loosened
because of its slower convergence (see the ESIt).

2.2 Finite system calculations

For comparison with the periodic systems we also investigated
the behaviour of finite models, created by cutting out ‘““flakes”
from the graphyne sheet. The flakes were created by replication
of the optimized unit cell from periodic calculation. Flakes of
various sizes were created for all investigated systems, ranging
from one to five unit cells across (see the ESIT). The structures
were terminated at the edges by hydrogen atoms positioned
1.09 A from the nearest carbon along the vector of the original
carbon-carbon bond in the infinite lattice. The finite structures
were not further optimized.

This journal is © the Owner Societies 2022
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Gauge-including atomic orbitals (GIAO) NMR shielding cal-
culations for finite systems were calculated using Turbomole
7.57?% with PBE density functional using m4a numerical
integration grid and resolution of identity approximation (RI).
The PBE functional was chosen to allow as close as possible
comparison with the results for the periodic system. The
basis set was x2c-TZVPall-s*° for the innermost atoms, for
which the NMR parameters were calculated, and x2c-SVPall-s
for the other carbon and hydrogen atoms to reduce the
computational costs. This approach was shown to provide
good results in previous works on graphene systems.'® We
note that placing x2c-SVPall-s on all atoms produces differ-
ences in nuclear shieldings that are rather small, but suffi-
cient to lead to a change of order of shifts in the 6,6,12-GY
system, which has a crowded NMR spectrum with close lying
lines. The relativistic x2c-{X}all-s basis sets were developed
specifically for NMR shieldings and are expected to perform
well also for non-relativistic calculations.

Additional nuclear shielding calculations were performed
with a KT3 functional.®® This functional provides generally
good NMR parameters®’ for light elements and was used to
quantitatively verify trends of the results obtained with PBE.
The obtained differences between values of NMR shifts calcu-
lated using PBE and KT3 were below 1 ppm for all cases except
two. The largest difference was 2.8 ppm.

2.3 Reference molecules

The chemical shift dx for nucleus K was calculated with respect
to benzene as

51( = Openzene — Ok (1)

where x and Gpenzene are isotropic nuclear shielding constants
for the carbon nucleus K in graphyne and for carbon in
benzene, respectively. All calculations for the molecule of
benzene were performed in a cubic box with sides x =y =z =
20 A with the molecule at the center parallel to the xy-plane.
The number of k-points was 1 for both optimization and NMR
as it satisfied the above convergence criteria for bond lengths
and nuclear shielding; all other parameters were identical to
those in the calculations of graphynes. Similarly, the refer-
ence shielding for finite systems was calculated in Turbo-
mole at the same level of theory as the corresponding
graphyne systems.

2.4 Analysis

Additionally, a set of small isolated organic molecules was
optimized using identical parameters for geometry optimiza-
tion. These were used for comparisons of bond lengths.

Difference densities of the electronic excited states were
used for an analysis of paramagnetic nuclear shielding. These
were obtained in Turbomole at the same level of theory as NMR
calculations for flakes of the size of two unit cells and plotted
using USCF Chimera.*”
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Fig. 2 Comparison of NMR shifts of carbon atoms in graphene and studied
graphynes calculated in periodic systems at the PBE/pbe-rrkjus-gipaw-dc
level of theory (left panel), and using the finite flake model (size = 4) at RI-PBE/
x2c-SVPall-s(+x2c-TVPall-s on innermost cell) level of theory (right panel).
For labeling of the atoms see the ESIt or Fig. 1. Local environments around
the branched (B) carbon atoms are shown in the insets.

3 Results and discussion

3.1 Periodic calculations

The results of NMR shielding calculations are presented in the
left column of Fig. 2. The numerical values are in the ESI.t The
sp>-hybridized carbon atoms are labeled B (branch atom) and
the sp-hybridized carbons are labeled L (linker). Atoms L are
connected directly to the B atoms, and atoms L’ in graphdiynes
are in the middle of longer links, connected to the L atoms. The
full numbering system of the atoms can be found in Fig. 1.
The results show distinct differences in chemical shifts
between the different graphyne systems. Fig. 2 also includes a
representation of the closest structural motif near the B-type
carbon atoms.

The o-graphyne shows two well-separated signals, both of
them shielded compared to that of graphene. Interestingly, the
3C NMR signal of sp>-hydridized carbon (B) is shifted by about
—39 ppm, while the sp signal (L) is closer to the signal of sp*
hybridized carbons of graphene. Introduction of another sp
link (L') in the a-graphdiyne leads to a new signal positioned
between B and L, with only small shifts in shielding of B and L.
The behaviour of the sp>hybridized carbons B is rather pecu-
liar as their shifts are lower than that of sp-hybridized carbons
L and L’. This is in contrast to the usual ranges of chemical
shifts, where sp>hybridized carbons show higher chemical
shifts than sp-hybridized carbon atoms.***

In B-graphyne the signal of sp” carbon is shifted by about
—14 ppm, while the signal of sp-hybridized carbon L is found
close to the one of sp>hybridized carbon in graphene.

Phys. Chem. Chem. Phys., 2022, 24, 25513-25521 | 25515
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The situation in y-graphyne and y-graphdiyne is quite
different, and closer to the NMR of typical organic molecules,
which exhibit higher *C chemical shifts for sp>-hybridized
carbons than for sp ones. The chemical shift of sp> (B) carbon
is pushed to slightly higher values with respect to graphene,
while the shifts of sp-hybridized carbons (L) move toward a
lower chemical shift by about —18 ppm. This situation is in
clear contrast to o and B structures, where the sp-hybridized
carbons show higher chemical shifts compared to sp® In y-
graphdiyne signals of B and L shift by a few ppm, and the
additional carbon link L' gives rise to a new signal very close
(<1 ppm) to the signal of L.

The rhombic graphyne r-GY has two signals quite close
together in the region between 0 and —15, slightly shifted
upfield compared to graphene. The sp-hybridized L carbon
has a larger shift than the sp®> one, showing a qualitatively
similar anomaly as a-graph(di)yne and p-graphyne, i.e. reversed
order of sp and sp>hybridized carbons compared to typical
values in organic molecules,**** where sp carbons are found
several tens of ppm lower than sp”.

6,6,12-graphyne has six chemically distinct carbon sites.
They are distributed rather closely in a pattern between 5 and
—15 ppm. Similarly as in the case of y-graphyne and y-
graphdiyne, the signals of sp” are all shifted toward a higher
chemical shift compared to those of sp, consistently with
typical ranges of '*C NMR. The position of B signals is not
substantially different from the one in graphene, while L
signals are shifted slightly toward negative values, in line with
shifts in conventional organic molecules.

It is interesting to note that the shifts of the B carbons
(sp*hybridized) in all systems are related to the number of
other B-type carbons bound to it. The carbons bound to three
sp-hybridized carbons in o-GY and o-GDY show the smallest
chemical shift. The chemical shift increases in B-GY and r-GY,
which have one sp* and two sp-hydridized neighboring atoms.
The highest shift is in y-GY and y-GDY, which have two sp*
hybridized neighboring carbons. A similar situation is found
for the B;-B; in 6,6,12-GY. This is also consistent with the
chemical shift of graphene, which can be described as a net-
work of B atoms connected to three other sp* hybridized atoms.
Accordingly, its chemical shift is found at the higher end of the
chemical shift spectrum. The situation is illustrated with insets
in Fig. 2.

Interestingly, the structures that conserve the benzene
motif, such as y-GY, y-GDY, and 6,6,12-GY show chemical shifts
close to the ones characteristic for sp- and sp*-hybridized atoms
in isolated organic molecules with sp carbons having signals in
the region of lower shifts compared to sp®. On the other hand,
graph(di)ynes in the family o feature an extended multicarbon
hexagonal ring that is not usually found in organic molecules,
and show a more interesting range of chemical shifts deviating
from the typical values, swapping the relative positions of
signals of the sp and sp*hybridized carbon nuclei. Similarly,
r-GY is a network of large elongated hexagons, which are not a
typical feature in organic molecules. On the other hand, 3-GY
also features a ‘“swap” of NMR signals, despite a lack of an
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obvious peculiarity in its structure. These swaps in positions
can potentially lead to misinterpretation of the NMR spectra of
graphynes when '*C signals are assigned based on experience
with typical organic molecules. We will explore sources of this
behaviour in later sections.

3.2 Finite models

In order to analyze the differences in the chemical shifts and
their behaviour, we calculated NMR nuclear shielding for finite
model “flakes” cut from the periodic structures. Calculations
using these finite models allow for analysis of the NMR shield-
ing in terms of molecular orbitals near the nuclei, giving
insight into the local electronic structure. In addition, if the
periodic systems can be to a good approximation modelled
using a finite model, it opens possibilities for using different
quantum chemical computational machinery for calculating
their properties that is not available in software packages for
periodic calculations (e.g., wider selection of DFT functionals,
high level ab initio correlated methods such as MP2 or coupled
cluster models, as well as relativistic effects including spin-
orbit interactions). In order to evaluate the fidelity of the finite
model, we calculated the NMR chemical shifts of flakes of
different sizes and compared them with the values obtained
from the periodic calculations.

As can be seen from Fig. 2, even small flakes qualitatively
capture the order of chemical shifts observed in the periodic
calculations for all systems. Notably, there is a significant shift
in shielding for atoms in B-GY, which are more shielded by
about 40 ppm compared to the periodic model. We note here
that shifts of B-GY are the most sensitive to the size of the flake
out of the studied systems, but their relative spacing is largely
preserved (see the ESIT).

The overall consistency of the results with the periodic
model allows us to use the finite model for further analysis of
the NMR shielding constants.

3.2.1 Analysis of the NMR shielding components. Fig. 3
shows a comparison of the nuclear shielding constants
expressed in terms of in-plane (IP; xx and yy) and out-of-
plane (OOP; zz) components of the shielding tensor for both
periodic systems and finite flakes. This allows us to get a more
detailed picture of the origin of the chemical shifts and to
evaluate similarity between atoms in different systems.

We note here that the signs of some of the smallest
components are dependent on the size of the flake (see the
ESIT). Nevertheless, despite the apparent qualitatively different
description, this does not significantly affect the results due to
the overall smallness of these components. The exception to
this is B-GY, which exhibits larger variation with flake size.
Interestingly, this variation is mostly caused by sensitivity of the
OOP component, while the IP one is rather constant (see the
ESIT). For this reason the flake size of B-GY reported in Fig. 3
is 3, which corresponds to the closest agreements of the
isotropic shifts with those in the periodic system. For the rest
of the systems the flake sizes are 4.

It is apparent that there is a rather strong similarity of the
ratio of the IP and OOP tensor elements between periodic and

This journal is © the Owner Societies 2022
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Fig. 3 Contributions of the in-plane ((xx + yy)/3) and out-of-plane (zz/3)
components of the shielding tensor to the isotropic NMR shielding for
periodic (left) and finite (right) systems. Flake size is 3 for -GY, 4 otherwise.

finite systems. This suggests similar physical origins of nuclear
shielding and strengthens the argument that the agreement of
the two models is not coincidental.

For o-GY and o-GDY we can see the unique character of the
B-nucleus signals, which show almost equivalent proportions
of both components. A similar composition is not found for any
other nucleus and reflects the unique local structure of these
systems. We will return to this further in the following section.

The composition of the shielding for L nuclei between the
two systems is also very similar. The ratio of the IP/OOP
components is also similar to that of L', which just has an
overall increase in intensity. Notably, with the increase in
intensity the composition of this shielding resembles most
closely that of the L’ nucleus in y-GDY, underlining the
similarity of their chemical neighborhood, despite the large
difference in the other two signals.

The situation in B-GY is markedly different from o-GY and o-
GDY. The shielding of the B-nucleus is composed mostly of the
OOP component, with about 1/4 of IP contribution. This is
qualitatively similar to the situation of B in r-GY and B; in
6,6,12-GY, which have only slightly smaller proportions of IP.
The shielding of the L nucleus, on the other hand, is almost
exclusively due to the IP component with a very small OOP part.
A similar pattern is found for L in r-GY and L,/L, in 6,6,12-GY. It
is noteworthy that these similar nuclei in all three systems are
part of the larger structural motif of ‘“H”-shape where four
linkers are connected via an sp>-sp> two-carbon bridge. These
similarities are stronger in the periodic model, especially for -
GY, whose OOP component is sensitive to the size of the flake.
We note that the very small OOP contribution in L; changes
sign between the periodic and finite models.

A noteworthy feature here is that while the ratios of IP/OOP
components are quite similar in all three systems, the shielding
of the B; nucleus in 6,6,12-GY is weaker, pushing its chemical
shift higher than its neighboring L;/L,. This means that the
ordering of the chemical shifts in 6,6,12-GY is the same as in

This journal is © the Owner Societies 2022

View Article Online

Paper

typical organic systems with d(sp®) > J(sp), in contrast to the
anomalous order in B-GY and r-GY.

Another characteristic group of signals are B nuclei in y-GY
and y-GDY together with B; and B, in 6,6,12-GY. These signals
have a strong OOP contribution with a very small IP tensor
component, which is in most cases negative, except for B, of
6,6,12-GY in finite system. As can be seen from Fig. 1, all of
these atoms belong to the unbroken benzene ring. Moreover,
this situation resembles that of graphene. However, in gra-
phene both components are larger in magnitude, leading to a
stronger overall shielding.

The L nucleus in y-GY is opposite to the previous situation
and is dominated by the IP component with very small negative
OOP one. There is a strong similarity with the L; in 6,6,12-GY.
Since both of these nuclei are links between two benzene rings,
we can once again see a correlation with the local structure. The
situation is also quite similar for L in y-GDY. For L’ in y-GDY
the OOP component is slightly larger, and its overall composi-
tion becomes closer to the structurally similar linker atom L’ in
o-GDY.

The shielding constants of both nuclei B and L in r-GY
qualitatively reflect those of B-GY as discussed in the relevant
paragraph above. This is related to their similar local
environment.

Similarly, shieldings of nuclei in 6,6,12-GY show features
analogous to that of B-GY and r-GY in the case of nuclei in the
“H”-bridge, or that of y-GY for nuclei of the benzene motifs and
the link directly connecting them, as discussed above.

These results suggest that the NMR shielding tensor
encodes the larger structural motifs of the system and can be
used to identify building blocks of graphyne systems.

To validate the results more quantitatively, we also calcu-
lated NMR shifts using the KT3 DFT functional, which is
generally considered a good functional for NMR parameters
of light elements. The results show minimal changes with
respect to results obtained using PBE. All trends are preserved
and the largest change in chemical shift is less than 3 ppm (see
the ESIY).

3.2.2 Relation to a local structure. As shown above, the
trends of NMR shifts of periodic systems are reproduced in
finite models. Moreover, similar structural features give rise to
similar NMR shifts. This means that the origin of the anom-
alous NMR shifts is not a peculiar band structure of the
periodic systems, but can be traced to some other influence
in the local environment.

A simple measure of the electronic structure around the
nucleus are the lengths of the adjacent bonds. An intuitive
estimate of the “typical” bond order for graphynes (as shown in
Fig. 1) can be determined based on the assumptions that (1)
bonds have integer order; (2) the bond arrangements should
have the highest possible symmetry allowed by the symmetry of
the atomic lattice; (3) each carbon atom has eight electrons in
its valence. Although such structures can be drawn for most of
the investigated graphyne systems (Fig. 1), it is worth noting
that each structure is only one of the possible resonance
structures. To demonstrate this, we can compare the apparent
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bond orders as drawn in Fig. 1, where it follows the chemical
intuition, to the ones from the optimized structures (Fig. 4).
The bond lengths in the periodic systems are plotted in
Fig. 4, together with reference “typical” values for isolated
organic molecules for comparison. The reference values were
obtained from optimization of 2,2,3,3-tetramethylbutane, 2,3-
dimethyl-but-2-ene, but-2-yne and coronene for single, double,
triple and aromatic bond types. The coloring corresponds to the
estimated bond orders as suggested in Fig. 1. The bonds in
benzene rings are considered as typical aromatic ones, and the
bonds a and b in a-graphyne can be thought of as having order
4/3 and 8/3, respectively, given as an average of their three
equivalent resonance structures. The comparison shows that
the bond lengths of the bonds appearing as single, double or
as part of a benzene ring are all quite similar, suggesting
that the = electrons in GYs are somewhat delocalized. Interest-
ingly, formally single bonds are contrary to expectation some-
what shorter than the formally double ones, although these

Bond length / A
1.2 1.3 1.4 1.5 1.6
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Fig. 4 Comparison of the bond lengths in the studied systems with
typical reference values for organic molecules. Color indicates the formal
order of the bond with single bonds (green), double (blue), triple (red),
aromatic (part of benzene ring, magenta) and the formally 4/3 order bonds
in a-G(D)Y (black). Small letters indicate bond labels from Fig. 1.
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differences are minor. On the other hand, the triple bonds are
significantly shorter and close to the typical values.

Interestingly, the values do not significantly change when
the finite flakes are optimized (PBE/def2-TZVP in Turbomole).
This suggests that even the rather anomalous bond lengths are
results of the peculiar local arrangements of the carbons rather
than a consequence of the infinite periodicity of the system and
the loss of local molecular orbitals. Furthermore, this means
that NMR could be also a viable method for identification of the
structure of smaller fragments, which are employed as precur-
sors in the synthesis of periodic graphyne structures®® as they
would exhibit similarly peculiar NMR signals.

Finally, we note here that the aim of this section was not to
determine the exact bond order, e.g., from analysis of electronic
structure calculation. While such calculations can be carried
out, the purpose of this discussion is merely to point out
possible challenges of applying common chemical intuition
and drawings of structures such as those in Fig. 1 to the
systems featuring unorthodox arrangements of carbon atoms.

3.2.3 Insights from local electron density. Finally, we can
try to gain a qualitative insight into the origin of the NMR
signals.

The nuclear shielding tensor component ¢, for Cartesian
coordinates /A, i can be separated into diamagnetic and para-
magnetic parts®*®?” as

O = O')N‘u(d] + O';Mﬂ(p) (2)

The diamagnetic part is related to the ground-state electron
density around the nucleus, which is similar for the nuclei of
the same type in a similar chemical environment. The para-
magnetic part, on the other hand, couples the ground state to
the manifold of excited states m through local paramagnetic
nuclear spin - electron orbit operator 27°° and orbital Zeeman

operator 1°% as
SO 07
) <O|hi |”><”|hﬂ |O>
T ™ Z £ —E, +c.c. (3)

where E,, E, are energies of the ground and excited states n,
respectively, and c.c is the complex conjugate of the previous
term. The 727° and #°% operators include angular momentum
that transforms as rotations and can produce non-zero matrix
elements only in A,; and E;, symmetries, corresponding to out-
of-plane and in-plane components of the shielding tensor,
respectively.

The paramagnetic part is responsible for the differences in
trends of NMR shielding for different atoms. Generally, the
paramagnetic contribution is deshielding and, hence, increases
chemical shift. Therefore, large matrix elements and small
energy differences in eqn (3) will lead to more deshielding
due to ¢®, smaller total nuclear shielding, and larger
chemical shift.

Since the A™° operator has r~
dependence, it couples effectively only to the excited states n
localized around the nucleus in question. The localization, and
therefore the coupling strength, can be qualitatively estimated

3 electron-nucleus distance
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by visual inspection of spatial representations of the difference
densities between the ground and the excited state n of the
molecule.

The analysis is necessarily qualitative, as we are looking only
at the first few excited states, and a combination of several
different parameters plays a role: (a) relative energy of the
excited states appearing in the denominator of eqn (3); (b)
localization of the excited state around the nucleus (through
RS operator) and (c) the strength of the magnetic transition
dipole moment, m, between the ground and exited state n. The
latter two are related to the size of the matrix elements in the
numerator of eqn (3).

For a qualitative insight, we concentrate the analysis on the
cases of 0-GY and y-GY that both have simple spectra of two lines
with the opposite, abnormal and normal chemical shift ordering,
respectively. The difference densities of the first five excited states,

View Article Online
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their energies and magnetic transition dipole moments in E;, (IP
shielding components) and A,; (OOP) symmetries of the Dg}, point
group in o-GY and y-GY are reported in Fig. 5.

First, from Fig. 3 we can see that the main difference in the
ordering of the B and L signals is in the magnitude of the IP
component (Ey,) for the B nucleus. It is large and positive in o-
GY, but small and negative in y-GY. From excited states data in
E,, symmetry displayed in Fig. 5, we can see that the excitation
energies are quite similar, with y-GY having only slightly larger
energy differences with respect to the ground state. The y-GY
has clearly more pronounced positive difference densities
compared to o-GY indicating that PSO “‘sees better” the excited
states, i.e. the matrix elements of the PSO operator may be
larger in y-GY. While this is a qualitative prerequisite for the
large paramagnetic deshielding contribution, the much larger
downfield shift of the IP component in y-GY is most clearly

ES1 ES2 ES3 ES4 ES5

a2g
@ Elev 0.597 0.624 0.906 0.934 0.996
s m 0.019634 0.064340 -0.008414 0.039635 -0.006509
E
5}
S]

elg

EleVv 1.964 2.056 2.074 2.144 2.175

m 0.000039 0.000062
j S o )

a2g
E‘;; EleV 1.019 1.026 1.050 1.072 1.086
£ m 0.016084 -0.013921 -0.036210 -0.014489
©
53 - S
b

elg

EleV 2.324 2.379 2.406 2.448 2.465

m 0.000113 -0.000516 0.000608 0.000276 -0.000372

Fig. 5 Difference densities between the ground and the first five excited states in a-GY (top two rows) and y-GY (bottom two rows) in the inner-most
cell. Green and red color represent an increase and decrease in electron density, respectively. Isodensity values are 4D-5, and the size of the flake is 4.
The excitation energies and transition magnetic dipole moments m are also reported. The transitions in symmetry species A,y (Den point group)
correspond to out-of-plane (OOP) contributions to nuclear shielding and the transitions with E;4 symmetry to in-plane (IP) contributions.
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indicated by the about an order of magnitude larger magnetic
transition dipole moments than in o-GY. Based on the discus-
sion of eqn (3), the lack of strong magnetic dipole transition
moments effectively prevents the existence of large paramag-
netic contributions in the case of IP of the B signal in a-GY,
which is consistent with the results in Fig. 3.

The large shielding in the IP (E;,) and OOP (4,,) components of
the B signal in o-GY have different origins and two counteracting
trends can be identified. The excited states in symmetry A,, have
lower energies and much larger transition magnetic dipole
moments but have small positive difference densities and, hence,
a qualitatively weaker PSO contribution. On the other hand, the £,
states have more significant densities, but much smaller transition
moments and somewhat larger energy separation. This means that
neither set of excited states have a large paramagnetic contribution,
leading to appreciable shielding in both symmetries.

In summary, the presence of a significant positive difference
density, low excitation energies and non-negligible transition
magnetic dipole moments can lead to large paramagnetic
contributions and thus deshielding, but individually they are
not indicative of that. It is important to note that the nuclear
shielding is a sum of individual excitation terms that can add
up in different ways, making their effect on the final shielding
not easily predictable when only a few lowest excited states are
considered. However, the current qualitative analysis provides
explanation to the anomalous shift in «-GY. It is caused by
small transition magnetic dipole moments in E;, symmetry,
which inhibits the paramagnetic contribution and, hence leads
to a large nuclear shielding.

Based on these results it appears that in the case of gra-
phynes the present simplified analysis of the NMR trends based
on a few lowest excited states is not as straightforward as in the
previous interpretation of NMR for graphene flakes.>® The
reason is that the previous study looked at larger changes in
chemical shift trends in different regions (inner vs. outer rings)
within the flakes with very different electronic structures
caused by different edge defects, while in the present case
more detailed information in similar chemical structures with
smaller shift differences is explored.

The results are in principle not very surprising, as five states
are a very rough approximation to the complete sum of eqn (3),
especially considering that there is a significant density of
states available for the coupling immediately above the inves-
tigated energy window (not shown here), making them poten-
tially equally significant.

4 Conclusions

We have theoretically investigated the '*C nuclear magnetic
resonance spectra of a-graphyne, a-graphdiyne, p-graphyne, v-
graphyne, vy-graphdiyne, rhombic graphyne and 6,6,12-
graphyne. The results predict distinct NMR patterns for differ-
ent graphynes.

Interestingly, some graphynes show peculiar **C shifts, with
sp>-hybridized carbons shifted toward smaller chemical shifts

25520 | Phys. Chem. Chem. Phys., 2022, 24, 25513-25521

View Article Online

PCCP

and sp-hybridized carbons shifted higher, in contrast to the
NMR shifts usually observed in organic molecules. The
chemical shifts are also related to the local structure of
the systems and the peculiar increase of sp> carbon shielding
is shown to follow the number of sp> neighbours.

It is noteworthy that these "*C-NMR patterns remain quite
similar when calculated using both the periodic model and finite
“flakes” of the graphynes. This suggests that the origin of the
peculiar NMR shifts is determined by the local environment and
not the band structure of the solid. This is supported by observing
unconventional carbon-carbon bond lengths in both models.

The more detailed study of the roles of in-plane and out-of-
plane components of the chemical shift helped to trace the
anomalously small chemical shift of sp> carbon in a-graphyne
to be due to large shielding in the in-plane component.
Qualitative analysis of positive difference densities, excitation
energies and magnetic transition dipole moments relates it to
ineffective coupling between the ground and excited states.
This produces a smaller than usual paramagnetic deshielding
contribution to sp” carbons.

The current study highlights the opportunities for investiga-
tion of novel carbon nanomaterials using >C NMR, as the
spectra provide detailed fingerprints that is sensitively depen-
dent on the local structure but also on detailed chemical
bonding of individual carbon atoms. The results also showcase
the risks of applying common chemical intuition to the inter-
pretation of the novel carbon allotropes. Therefore, the first
principles NMR modelling of these materials is necessary for
correct interpretation of the experimental spectra.
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