¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Electronic structure of n-cycloparaphenylenes
directly observed by photoemission
spectroscopyf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 8361

*@ Takuya Inoue,® Takaya Furuichi,? Kaito Shinoda,’
® and Yukio Ouchi@®°

Kaname Kanai,
Takashi lwahashi

A series of n-cycloparaphenylenes ([nJCPP, n = 8, 9, and 12) were studied by ultraviolet photoemission,
inverse photoemission, ultraviolet-visible absorption, and X-ray photoemission spectroscopy to detect
their unique electronic structures. [nJCPP has a cyclic structure in which both ends of n-poly
(p-phenylene)s (nP) are connected. The molecular size dependence of the HOMO-LUMO gap of [n]CPP
was investigated by direct observation and was found to increase as the molecular size increased. This
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DOI: 10.1039/d1cp00625h trend is opposite to that of typical n-conjugated systems. Highly strained molecular structures, especially
of small [n]CPPs, significantly impact their electronic structure. Insights into the electronic structure of

rsc.li/pccp [NICPP obtained here will aid the design of electronic functionality of non-planar n-conjugation systems.
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1. Introduction

To date, countless m-conjugated molecules have been used for
various electronic applications such as in optoelectronic
devices, light-harvesting devices, sensors and so on. Most
n-conjugated molecules are planar, with little diversity in
molecular backbones. This limits new molecular designs and
highlights the need for exploring the possibility of controlling
the properties of molecules with non-planar backbones."?
n-Cycloparaphenylenes ([n]JCPP), first synthesized in 2008,
are polycyclic aromatic hydrocarbons (Fig. 1(a)) and are cur-
rently synthesized using innovative strategies.’ ® [n]CPPs have a
cyclic structure consisting of n benzene rings linked in a
circular alignment at their para-positions. [n]CPPs are potential
building blocks of carbon nanotubes (CNTs) by acting as seeds
for the size-selective growth of CNTs.”® A variety of synthetic
approaches allow precise tuning of the properties of [n]CPPs."***
Many chemists have explored the possibility of adding practical
functions to [n]CPPs by taking advantage of their unique chemical
and electronic structures. For example, the cavity in [n]CPPs could
make it a good host molecule, and the interesting properties
arising from host-guest interactions between [n]CPPs and guest
molecules are being actively explored.">'® The cavity in []CPPs
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allows encapsulation of other molecules such as fullerenes in a
“peapod” manner."” " [#]CPPs have also attracted much interest
recently as new material for application to photochemical and
electronic devices®*>* based on, for example, their unique optical
properties.’”** The photoluminescence emission maximum wave-
length of a series of [n]CPP molecules gradually decreases as n
increases. This size-dependent light emission is consistent with
the molecular size dependence of E,, which is the size of the
energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of [n]CPPs and has been investigated theoretically.”>*® [n]CPPs are
attractive for use in organic electronics by virtue of the high
controllability of E, by controlling molecular size, and the theore-
tical prediction of high hole mobility in solid state [2]CPPs.>” The
electronic structure of [#]CPPs is thus of interest for both basic
and applied research.

A series of [n]CPP molecules is also fascinating for basic
research in physical chemistry, providing an excellent oppor-
tunity to study how the electronic structure of a m-conjugation
system is modified by introducing strong strain into the
molecular structure. The correlation between molecular and
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Fig. 1 Molecular structures of [n]CPP (a) and nP (b).
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electronic structure is a subject of great interest for physical
and synthetic chemists. The distortion of each phenylene unit
markedly influences the electronic structure, resulting in reac-
tivities unique from planar n-conjugated molecules. The effect
of this distortion on the physical and chemical properties of the
molecule can be understood from the electronic structure. The
cyclic structures of [#]CPPs give them electronic structures that
notably differ from that of most n-conjugated molecules. For
instance, E, of [n]CPP increases as n, the number of linked
phenylene units, increases.>>?® Calculations within the frame-
work of density functional theory (DFT) show that E, of [n]CPP
dramatically increases as n increases for n less than ~15, then
approaches that of poly(p-phenylene)s.

This E, dependence on n is completely opposite to the case
of poly(p-phenylene) (nP), which comprises n phenylene units
linearly linked at the para positions (Fig. 1(b)). [#]CPP has a
structure in which both ends of nP are linked together to form a
macrocycle. The HOMO-LUMO gap of typical n-conjugation
systems such as nP, polyacenes, and most conductive polymers
narrows with increasing n because the n-conjugation length is
enlarged. Molecular orbital (MO) calculations indicate that E,
of [n]CPP is smaller than that of nP for the same number of
phenylene units,”” owing in part to destabilization of the
n-electron system because the benzenoid forms are highly
strained, especially in small [7]CPPs (e.g., n less than ~10).

In this paper, we report the direct observation of the
electronic structure of [n]CPP using ultraviolet photoemission
(UPS), inverse photoemission (IPES), ultraviolet-visible absorp-
tion (UV-vis), and X-ray photoemission spectroscopy (XPS). DFT
theoretical calculations were also performed to both support
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the interpretation of the experimental results and help under-
stand the electronic structure of [n]CPP. The combined results
of UPS, IPES, UV-vis, and XPS confirmed the theoretically
predicted correlation between the molecular size of [rn]CPP
and its electronic structure.

2. Methods

Samples of [n]CPP were purchased from Tokyo Chemical Industry
Co. Ltd and used without further purification. Substrates were
prepared by vacuum deposition of Au on ultrasonically cleaned
Si(100) wafers. The specimens were obtained by vacuum deposi-
tion of [n]CPP onto the substrate. The thickness of the [#]CPP thin
film was monitored using a quartz microbalance.

UPS measurements were performed under ultra-high vacuum
with a base pressure below 5 x 10~® Pa using an electron analyzer
(SES200, Scienta) and a helium discharge lamp. The He Io reso-
nance line (Av = 21.22 eV) was used as an excitation source to
acquire the UPS spectra. IPES spectra were recorded in situ on the
same specimens as the UPS measurements using a commercial
apparatus (PSP Vacuum Technology). A band-pass-type photon
detector for photons of Av = 9.3 €V consisted of a channeltron
coated with NaCl and placed behind a SrF, window. Fermi level Ex
energy was determined from the Fermi edge of the Au substrate.

UV-vis experiments were performed using a UV spectrometer
(UV-1800, Shimadzu).

XPS measurements were performed using an electron
analyzer (ESCA, Omicron). The Al Ko line (hv = 1486.6 €V) was
used as an excitation source to acquire the XPS spectra.
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(a) UPS spectra of 6P and [8]CPP. The bottom axis represents the binding energy measured from Er. The spectrum for 6P is taken from the

literature.?® The filled spectrum shown below each observed UPS spectrum is the simulated UPS spectrum. The vertical bars in the simulated spectra
present the calculated MOs of 6P and [8]CPP. The leading edges of the UPS spectra were indicated by vertical broken lines at 1-2 eV. (b) The wave
functions of the HOMOs of 6P and [6]CPP. (c) The wave function of the state of [8]CPP marked by an asterisk in (a). The figures of the orbital for [6]CPP

and [8]CPP are the view from above the macrocycle.
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MO calculations for the isolated molecules based on DFT
were performed using Gaussian 09 with B3LYP parameters and
the 6-31G(d) basis set. Simulated spectra were obtained by
broadening the calculated MOs with the Voigt function to
reproduce the observed spectra.

3. Results and discussion

3.1. Direct observation of the electronic structure of [n]CPPs

Fig. 2 shows the UPS spectra of 6P and [8]CPP films with
thickness d = 10 nm, together with the simulated UPS spectra
based on the MO calculations. The data for 6P were taken from
the literature.”® The bottom axis represents the binding energy
with respect to Er. UPS allows direct probing of the occupied
electronic structures of materials. The simulated spectra, which
are individually shifted to reproduce the observed spectra,
explain well the observed spectra for both 6P and [8]CPP.
Ordinarily, the results for 8P should be compared with those
for [8]CPP, which has the same number of phenylene units.
However, the spectra for 8P have not been published. It is
nonetheless instructive to compare the results for 6P instead of
those for 8P with those of [8]CPP because the electronic
structure around the HOMO-LUMO gap of 6P is similar to
that of 8P, except for E,, as predicted in the MO calculation (see
Fig. S1 in the ESIT). The calculated HOMO and LUMO energies
of [n]CPPs and nPs (n = 6, 8, 9, and 12) are summarized in
Table 1.

The overall features of the spectra of 6P and [8]CPP are very
similar, but there are some clear differences. First, the spectral
structures at 1-3 eV of the binding energy in the UPS spectra of
6P consist of HOMO and HOMO-1, whereas the spectral
structures in the same energy range in the UPS spectra of
[8]CPP consist of HOMO, HOMO-1 and HOMO-2. The
HOMO-1 and HOMO-2 of [8]CPP are almost degenerate.
Comparing the energy of the leading edges of the UPS spectra
indicated by vertical broken lines at 1-2 eV in Fig. 2(a), the
energy of the leading edge for [8]CPP is much lower than that
for 6P, mainly because of the difference in HOMO energy
between 6P and [8]CPP: the calculated energy of HOMO of
[8]CPP is lower than that of 6P. On the other hand, the HOMO
energy of [6]CPP is lower by ~0.1 eV than that of [8]CPP, as
shown in Table 1. The low HOMO energy of [8]CPP can be
attributed to its cyclic molecular structure. Fig. 2(b) shows the
HOMOs of 6P and [6]CPP. That of [6]CPP extends perpendicular

Table 1 Calculated values of HOMO and LUMO energies of [n]CPP and
nP (n =6, 8,9, and 12). The units are eV

HOMO LUMO
[6]cPP 4.91 1.78
[8]cpp 5.02 1.80
[9]cpp 5.12 1.72
[12]cPP 5.22 1.68
6P 5.50 1.36
8P 5.44 1.44
9P 5.43 1.47
12P 5.40 1.53
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to its molecular plane, indicating that each phenylene unit is
comparatively upright. The dihedral angles 0 between neigh-
boring phenylene units of [rn]CPP strongly depend on the
molecular size, for example, 6 in small diameter [r2]CPPs are
generally lower than those in nPs. In contrast, the 6 of nP is
almost independent of n, as shown in Fig. S2 in the ESIL.{ For
example, the dihedral angle in [6]CPP is about 80% of that in
6P.>” The plane of the phenylene units in [6]CPP tends to be
vertical and the overlap between the n-orbitals of neighboring
units are larger compared with 6P, leading to a larger transfer-
integral between each phenylene unit. This explains the lower
HOMO energy of [8]CPP compared with that of 6P. MO calcula-
tions were performed on [8]CPP to support this interpretation
by setting all 0 s to 0 degrees. The results are shown in Fig. S3 in
ESLt Eg of the molecule where all the phenylene units are
vertical is significantly reduced (E, = 2.20 €V) compared with
that of the molecule with the optimized structure (E, = 3.22 eV).

A second difference in the spectra of 6P and [8]CPP is the
spectral features at 6-8 eV of the binding energy in the UPS
spectrum. The states indicated by a vertical arrow in Fig. 2(a)
appear only in the spectrum of [8]CPP. One of the wave
functions belonging to these states, which is marked with an
asterisk on the MO in Fig. 2(a), is shown in Fig. 2(c) and
consists of a pair of reflectional symmetric parts with opposite
signs, with one nodal plane perpendicular to the macrocycle
plane. This is a characteristic orbital of the cyclic structure of
the molecule. There is no corresponding state in 6P which has a
linear structure.

Fig. 3 shows the UPS spectra combined with the IPES spectra
of [n]CPP (n = 8, 9, and 12). The combination of UPS and IPES
measurements provides an excellent way to probe the electronic
structure around the HOMO-LUMO gap of a molecule. The
bottom axis represents the binding energy measured from the
vacuum-level energy E,,., which can be directly calculated from
the observed high-energy cut-off of the UPS spectra. The broken
vertical lines in Fig. 3 indicate the obtained Er for each
molecule. The simulated spectra based on the MO calculations
explain the observed UPS and IPES (UPS/IPES) spectra, as
shown in Fig. 3. The simulated spectra are shifted individually
to reproduce the UPS/IPES spectra.

E, can be evaluated by the energy difference between the
onset of the simulated UPS/IPES spectra, as indicated by
vertical bars in each spectrum shown in Fig. 3. The values of
the HOMO and LUMO energies and E, evaluated from the UPS/
IPES results are summarized in Table 2, together with the
calculated values. Actually, E, increases as the molecule in
the series becomes larger.

Fig. 4(a) and (b) show the UV-vis spectra of thin films and
dichloromethane solutions of [#]CPP (n = 8, 9, and 12), respec-
tively. The concentrations of the solutions are 0.03 wt%,
0.02 wt% and 0.004 wt% for [8]CPP, [9]CPP and [12]CPP. The
films were 20 nm thick. The spectral widths of the UV-vis
spectra of the thin films are broader than those of the corres-
ponding solution, but there is no significant difference in
spectral shape, indicating that there is little intermolecular
interaction between [1]CPP molecules and that each molecule

Phys. Chem. Chem. Phys., 2021, 23, 8361-8367 | 8363
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Fig. 3 UPS/IPES spectra of [8]CPP, [9]CPP, and [12]CPP. The bottom axis
represents the binding energy measured from E, .. The UPS spectrum and
IPES spectrum are connected at around 5 eV. The gray broken lines
indicate the positions of Er for each molecule. The E, values were
calculated by the energy difference between the onset of the simulated
UPS and IPES spectra, indicated by short vertical bars in each spectrum.
Both onsets were determined from a comparison of the experimental and
simulated spectra. The simulated spectra are individually shifted to well
explain the observed spectra. The filled spectra shown below each
observed spectrum are the simulated UPS/IPES spectra based on the
calculated MOs. The thin vertical bars inside the simulated spectra show
the calculated MOs.

Table 2 E4 evaluated from UPS/IPES and MO calculations, Eqp evaluated
from UV-vis, and the energy of the shake-up satellites measured from the
C 1s main peaks in XPS. The units are eV

[8]cPP [o]cPP [12]cPP
UPS/IPES 2.69 + 0.07 3.29 + 0.03 3.33 £ 0.05
UV-vis (film) 2.72 £ 0.05 2.77 £ 0.05 2.96 + 0.05
UV-vis (solution) 2.73 £ 0.03 2.85 £ 0.04 3.05 £ 0.04
XPS (shake-up) 2.8£0.5 3.5+ 0.1 —
MO calculation 3.22 3.41 3.54

is relatively isolated in the film. Strong intermolecular inter-
action often results in molecular aggregation and change in
spectral shape, such as Davydov splitting accompanied by a
redshift.

The wavelength of the UV-vis absorption maxima A,y is at
~340 nm for all films and solutions tested, consistent with a
previous report,® but appear inconsistent with the n depen-
dence of E,, discussed above. However, Iwamoto et al. reported
that the HOMO-LUMO transition is forbidden in [r]CPPs
and that no or little oscillator strength is expected.>**%3°
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Fig. 4 (a) UV-vis spectra of 20 nm thick [n]CPP (n = 8, 9, and 12) films.
(b) UV-vis spectra of dichloromethane solutions of [n]CPP (n = 8, 9, and
12). The vertical short arrows on each spectrum indicate the wavelength of
the onset of the absorption by the HOMO-LUMO transition.

The transitions from HOMO—-2 to LUMO, HOMO—1 to LUMO,
HOMO to LUMO+1, and HOMO to LUMO+2 are responsible for
the intense absorption peaks at ~340 nm in all cases. On the
other hand, small shoulder structures at 380-450 nm likely
originate from the HOMO-LUMO transition.*"*> The appear-
ance of the HOMO-LUMO transition, which is typically for-
bidden, results from breaking of the D), or C, symmetry of
[7]CPP molecules. As pointed out in previous theoretical
studies,?”** [n]CPPs with an even number of phenylene units
have D), symmetry and those with an odd number have C,
symmetry, but physical molecules do not have such perfect
symmetry due to their distorted structure. The intensity of the
shoulder is higher, especially for [8§]CPP but also for [9]CPP,
than for [12]CPP, as seen in Fig. 4. The wavelength of the onset
of the shoulder structures in the UV-vis spectra in Fig. 4
decreases as n increases for both the film and solution for
each compound, consistent with the behavior of E, against
n observed by UPS/IPES. The onset values are summarized in
Table 2.

Fig. 5(a) shows the HOMO and LUMO energies measured in
the UPS/IPES spectra plotted against n together with the
calculated results, and Fig. 5(b) shows the values for E, deter-
mined from the UPS/IPES and E,p from the UV-vis spectra

This journal is © the Owner Societies 2021
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together with the values determined by MO calculation. Here,
E,p Tepresents the energy gap related to the optical transition
from HOMO to LUMO observed in the UV-vis spectra in Fig. 4.
The E,,: values were calculated from the wavelength of the
onset in the UV-vis spectra. The E,p value of each molecule is
similar for the film and solution. In general, the difference
between E; and E, is due to the binding energy of excitons in
the S, final state of the UV-vis absorption process, but as can be
seen in Fig. 5(b), there is little difference in these values for
[8]CPP.

Comparison of the HOMO and LUMO energies obtained
from the experiments and the calculation shows trends against
n in overall agreement. This is also true for E; and E,p plotted
against n in Fig. 5(b). The n dependences of E, and E,p, which
were experimentally obtained, increase as n increases, consis-
tent with the prediction by calculation. The discrepancy in the
value of E, between the theoretical and experimental results is
due to many factors, such as the polarization energy in solid
films, electron correlation effects, and differences in the
chemical environment of each molecule in the film. In contrast,
the MO calculations are performed on an isolated molecule.
Addressing these issues is beyond the scope of this article and
further details will not be discussed here. However, MO calcu-
lations are very helpful for qualitative discussions.

As pointed out in previous theoretical work,> strains in the
cyclic molecular structure of [n]CPP generate the observed
anomalous dependence of E, on molecular size. Here, this

This journal is © the Owner Societies 2021

unique behavior of the E, value of [n]JCPP was experimentally
confirmed by direct observation.

The molecular size dependence of E, can also be detected by
XPS experiments. Fig. 6 shows the C 1s XPS results for solid
films of [8]CPP, [9]CPP, and [12]CPP. The bottom axis is the
binding energy measured from Er. The binding energies of the
main peaks of [8]CPP, [9]CPP, and [12]CPP are 284.90 eV,
284.95 eV, and 284.71 eV, respectively. The C 1s XPS spectrum
of [8]CPP is basically consistent with the result previously
reported.>® There are several small humps at the higher bind-
ing energy side of the C 1s main peaks of [§]JCPP and [9]CPP in
Fig. 6. On the other hand, the spectrum of [12]CPP doesn’t
show any clearly distinguishable structure in the same energy
region. The hump nearest each main peak is indicated by
a dashed line and is the “shake-up satellite” originating from
photoemission from the C 1s core level accompanied by electron
excitation from HOMO to LUMO. Part of the kinetic energy
of the photoelectron from the core level is expended to excite
one electron in the HOMO to LUMO. Thus, the energy of the
shake-up satellite measured from the main peak roughly repre-
sents E, in the presence of the C 1s core hole. Generally, it is not
possible to evaluate the correct value of E, from the shake-up
satellite, but one can discuss the magnitude of the relation of
E, with different molecules. In the cases of [8]CPP and [9]CPP,
as n increases, the shake-up satellite recedes from the main
peak, indicating an increase in E,. The energies of the shake-up
satellites measured from the main peaks in the XPS spectra are

Phys. Chem. Chem. Phys., 2021, 23, 8361-8367 | 8365
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Fig. 6 XPS spectra at the C 1s edge of [8]CPP, [9]CPP, and [12]CPP solid
films. The spectra were acquired in normal emission geometry using the Al
Ka line (hv = 1486.6 eV). The vertical dashed lines on the spectra of [8]CPP
and [9]CPP represent the energy of the shake-up satellite peaks. The
bottom axis is the energy measured from Er. The satellite peaks in each
spectrum are magnified five times. The number on each satellite is the
energy difference between the main peak and the satellite.

summarized in Table 2. Discussion of the exact value of the
shake-up satellite is difficult; nonetheless, this result provides
evidence that E, of a series of [n]CPP molecules increases as the
size of the molecule increases, which supports the conclusion
based on the UPS/IPES and UV-vis results given above.

4. Conclusion

The electronic structure of a series of [#]CPP molecules was
investigated by direct observation by means of UPS, IPES,
UV-vis, and XPS experiments. The unusual molecular size
dependence of the HOMO-LUMO gap of the [n]CPP series
confirmed the prediction of theoretical calculations. Compar-
ison between nP and [n]CPP aids interpretation of the unique
properties of [#]CPP from the viewpoint of molecular structure.
To understand the E, of nP and [n]CPP, two factors should be
considered. First, the number of MOs increases as a linear
function of n, leading to narrowing of E,. In general, the
distribution width of such MOs at a given number of unit n
depends on the transfer-integral f, resulting from the overlap
between the m-orbitals of neighboring units. For large f, the
energy of HOMO measured from vacuum level is low and that
of LUMO measured from vacuum level is high, and therefore E,

8366 | Phys. Chem. Chem. Phys., 2021, 23, 8361-8367
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becomes small. Second, the value of f is strongly influenced by
the strain in the molecule. For largely strained structure with
large dihedral angles, the overlap between the m-orbitals of
neighboring units is small making E, large. The first and
second factors have opposite effects on E,. For nP, the first
factor should be dominant because no striking structural
change occurs with increasing n. The dihedral angles between
neighboring phenylene units in nP stay almost the same
independently of n. Because the average dihedral angles of nP
are basically larger than those of [n]CPP, nP has larger E, than
[7]CPP. In contrast to nP, the electronic structure, including the
size of E, of [n]CPP, is strongly affected by the second factor. In
the case of [n]CPP, as the dihedral angles between neighboring
phenylene units dramatically increase as n increases, the over-
lap between the m-orbitals of neighboring units rapidly
decreases. This effect damps f and decreases the distribution
width of the MOs around E,. As a result, E, is widened and
approaches the E, of poly(p-phenylene) as n increases.
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