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We studied the UV-vis absorption and fluorescence in solution/solid states of [n]cycloparaphenylene ([#]
CPP: n=09, 12, 14, 15, and 16), and conducted theoretical studies to better understand the experimental
results. The representative experimental findings include (i) the most intense absorption maxima (A,ps1)
display remarkably close values (338—339 nm), (ii) the longest-wavelength absorption maxima (4,,s,) are
blue-shifted with increasing the ring size (395 — 365 nm), (iii) the emission maxima (A.p,) are blue-
shifted with increasing the ring size (494 — 438 nm for longest-wavelength maxima), (iv) the fluorescent
quantum yields (@) in solution are high (0.73-0.90), (v) the fluorescence lifetimes (z;) of [9]- and [12]
CPP are 10.6 and 2.2 ns, respectively, and (vi) the @ values slightly increase in polymer matrix but
significantly decrease in the crystalline state. According to TD-DFT calculations, the longest-wavelength
absorption (Aaps2) corresponds to a forbidden HOMO — LUMO transition and the most intense
absorption (Aaps1) corresponds to degenerate HOMO — 1 - LUMO and HOMO — LUMO + 1
transitions with high oscillator strength. The interesting and counterintuitive optical properties of CPPs
(constant A, and blue shift of A,,¢,) could be ascribed mainly to the ring-size effect in frontier
molecular orbitals (in particular the increase of the HOMO-LUMO gap as the number of benzene rings
increases). On the basis of comparative calculations using hypothetical model geometries, we conclude
that the unique behavior of HOMO and LUMO of CPPs is due mainly to their lack of a conjugation
length dependence in combination with a significant bending effect (particularly to HOMO) and a torsion

effect (particularly to LUMO).

Introduction

After many years of efforts,'” the long-awaited chemical syn-
thesis of cycloparaphenylene (CPP), a simple conjugated carbon
nanoring consisting solely of benzene rings with para linkage
(Fig. 1), has been accomplished by the groups of Bertozzi
et al.® tami et al.,*® Yamago et al.,>'% and Jasti et al "' Cur-
rently, the modular,® size-selective,***!" and scalable’*® syn-
thesis of [#]CPPs is possible, and [12]CPP, prepared by the
procedure developed in our group, has become commercially
available.'> CPP is an interesting and unique molecular entity
not only because of its aesthetic appeal,” unique cyclic and
curved conjugation,’ photophysical properties,®'*'! and guest-
encapsulating properties,”*'* but also because it represents the
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+This article is part of the Organic & Biomolecular Chemistry 10th
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1 Electronic supplementary information (ESI) available: Details of theor-
etical study. See DOI: 10.1039/c20b25199;j

shortest sidewall segment of armchair carbon nanotube struc-
tures.>'* Theoretical studies have also uncovered or predicted a
number of interesting electronic properties of CPPs.'> Related to
these studies, the groups of Itami er al.'® and Isobe et al.'’
recently reported the design and synthesis of short sidewall seg-
ments of chiral carbon nanotubes.

The studies on the photophysical properties of CPPs are one
of the most important issues for the elucidation of the nature of
belt-shaped =n-conjugated systems. The groups of Bertozzi/
Jasti*!'! and Yamago ez al.*'® independently reported the absorp-
tion and fluorescence properties of [#]CPPs. Throughout these
works, they demonstrated several features as follows: (1) In the
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Fig. 1 Structure of [n]cycloparaphenylene ([#]CPP).
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Fig. 2 UV-vis absorption (solid line) and fluorescence spectra (broken
line) of [9]-, [12]-, [14]-, [15]-, and [16]CPP in chloroform. Absorption
and fluorescence spectra were normalized.

UV-vis absorption spectra, [#]CPPs exhibit intense absorption
bands with constant absorption maximum wavelengths (Aapsi)
regardless of the ring size. (2) The fluorescence spectra of [n]
CPPs are blue-shifted as the number of benzene rings (n)
increases. However, the origin of these characteristics has
remained unclear. Furthermore, neither fluorescence quantum
yields nor solid-state photophysical properties of CPP are
reported. Further experimental and theoretical investigations on
the photophysical properties of CPPs are eagerly awaited both
for the understanding of the nature of belt-shaped m-conjugated
systems and for the application of CPPs for light-emitting
materials.

Herein we report the novel aspects of the photophysical prop-
erties of CPPs. Experimental investigations were carried out for
[91-, [12]-, [14]-, [15]-, and [16]CPP, which are the series of
CPPs we have synthesized by the Pd-catalysed modular syn-
thesis® or the nickel-mediated “shotgun” synthesis.”® In addition
to the measurement of CPPs in solution, single crystals of [9]-
and [12]CPP were also subjected to the determination of fluor-
escence properties in the solid state. Theoretical studies on
[6]-[20]CPP support prior experiments.

Results and discussion
Absorption and fluorescence properties of [#]CPPs

The electronic absorption and fluorescence properties of [9]-,
[12]-, [14]-, [15]-, and [16]CPP in chloroform were thoroughly
investigated, including UV-vis absorption, fluorescence spectra,
fluorescence quantum yields, and fluorescence lifetimes. The
absorption and fluorescence spectra of CPPs are shown in Fig. 2
and the data are summarized in Table 1. The absorption and flu-
orescence spectra of [14]-, [15]-, and [16]CPP are reported for
the first time. In the UV-vis absorption spectra, all CPP deriva-
tives exhibited shoulder-like absorption bands in the long-wave-
length region around 400 nm (A,,s) in addition to the intense
absorption bands with the absorption maximum wavelengths
(Aabs1) of 338-339 nm. The absorption coefficients (g£) were
determined to be 1.29 x 10° and 1.58 x 10° M~! ¢cm™! for [9]-
and [12]CPP, respectively. In line with the report by Yamago, the
€ value slightly increases as the ring size of CPP increases.'®

Table 1 Photophysical data for [n]CPPs”

Absorption Fluorescence
Compound  Agps) ” [nm]  Zups © [1m]  Aem “ [nm] @ 7/ [ns]
[9]CPP 339 395 494 0.73  10.6
[12]CPP 338 378 426, 450 0.89 2.2
[14]CPP 338 369 418, 443 0.89 —
[15]CPP 339 365 416, 440 090 —
[16]CPP 339 365 415, 438 0.88 —

“In chloroform. ®The highest absorption maxima are given. ©The
longest absorption maxima determined by peak separation method are
given. ¢ Emission maxima and second maxima upon excitation at the
absorption maximum wavelengths A.. ¢ Absolute fluorescence
quantum yields determined by a calibrated integrating sphere system
within +3% errors.” Fluorescence lifetimes.

This is in analogy to the case of linear p-phenylenes which are
well known for increasing molar extinction with increasing chain
length due to increasing magnitude of the transition dipole
moment.'® The absorption maximum wavelengths of the
shoulder-like absorption bands (A.ps2) were determined by a
peak deconvolution program. As shown in Table 1, A is
shifted to shorter wavelength as the ring size increases
(395-365 nm) while A, is constant (338—339 nm) regardless
of the ring size of CPPs.

All the CPPs showed intense photoluminescence in solution,
and their emission colors were dependent of the ring size as
already reported:>'® [9]CPP exhibits yellowish-green emission
while those of the other CPPs are blue. Thus, the emission
maxima in the fluorescence spectra (Ao, in Table 1) are blue-
shifted with increasing CPP ring size. In the spectra of [14]-[16]
CPP, two obvious peaks were observed, whereas the intensities
of the shorter-wavelength ones become smaller in the spectra of
[9]- and [12]CPP. The shapes of each fluorescence spectrum of
all CPPs were identical regardless of the excitation wavelength,
indicating that these peaks in emission spectra originated from
the same excited state.

The absolute fluorescence quantum yields (@g) of CPPs in
chloroform were recorded for the first time. All CPPs exhibited
high @ (0.73-0.90), which are comparable with those of
oligo-'? and poly(p-phenylene)s.? Notably, the @ value of [9]
CPP was found to be somewhat lower (@ = 0.73) than those of
larger-ring congeners [12]- and [14]-[16]CPP (@ = 0.88-0.90),
implying the effect of ring size on the character of excited state.
To gain insight into the excited-state dynamics, the time-resolved
fluorescence measurements were conducted for [9]- and [12]
CPP, and their fluorescence lifetimes (z;) were determined to be
10.6 and 2.2 ns, respectively. Interestingly, [9]CPP exhibited
considerably longer 7, than that of [12]CPP. According to the
equations @ = k, X 75 and k. + ky, = Ts_l, the radiative (k;) and
nonradiative (k,,) decay rate constants from the singlet excited
state were determined. The , value of [12JCPP (6.9 x 107 s™') is
one-order-of-magnitude higher than that of [9]CPP (4.0 x 10°
s7"). According to classical theory that the radiative rate constant
(k) is related to the oscillator strength (f) and the square of the
transition energy,”' the greater k. value of [12]CPP should be
attributable to the larger oscillator strength (f) of [12]CPP as
well as size-independent A,,; value. On the other hand, the k,,
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Table 2 Fluorescence quantum yields of [#]CPPs in the solid state”

Crystal Polymer matrix”
[9]CPP 0.17° 0.78
[12]CPP 0.24¢ 0.93

“ Absolute fluorescence quantum yields determined by a calibrated
integrating sphere system within +3% errors, ®1 wt% in PMMA.
“Single crystals of [9]JCPP-2THF were used. “Single crystals of [12]
CPP-2(cyclohexane) were used.

values are comparable each other (k,, = 2.5 x 107 s~ and 5.0 x
107 s™! for [9]- and [12]CPP, respectively).

We then focused our attention on the fluorescence properties
of CPPs in the solid state (Table 2). For understanding the
relationship between the photophysical properties and the mol-
ecular packing structure in the solid state, we studied the photo-
physical properties of [9]- and [12]CPP, of which solid-state
structures were analysed by X-ray crystallography.”®* Both [9]-
and [12]CPP adopt herringbone and tubular packing mode in the
solid state. Single crystals of [9]CPP-2THF and [12]CPP-2
(cyclohexane) were subjected to the measurement of absolute
fluorescence quantum yields.*> The @ values of 0.17 and 0.24
for [9]- and [12]CPP, respectively, were found to be significantly
lower than those in chloroform. To elucidate the origin of the
difference in @f between solution and crystalline state, we evalu-
ated the fluorescence properties in a polymer matrix as a model
of diluted solid. The data are also given in Table 2. Both [9]- and
[12]CPP, dispersed in a poly(methyl methacrylate) (PMMA)
matrix, exhibited intense emissions, and their @ values are
slightly higher than those in solution (0.78 for [9]CPP and 0.93
for [12]CPP). These results clearly indicate that the lower @g
values of CPPs in crystalline state compared to those in solution
are attributable to the intermolecular interaction, which results in
the quenching of fluorescence by energy migration and/or self-
absorption processes. In line with this assumption, we identified
that the shortest intermolecular carbon—carbon distances in the
crystal of [9]CPP are ca. 3.38 A, which is almost comparable to
the sum of van der Waals radii of carbon atoms (3.40 A).%*

Assignment of UV-vis absorption

To obtain insight into the photophysical properties especially on
the size-dependency of CPP MOs, we performed the DFT calcu-
lation of [6]-[20]CPP at the B3LYP** level of theory with the 6-
31G(d) basis set as implemented in the Gaussian 03 program.>
Although only calculations of even-numbered CPPs are shown
here owing to the symmetric benefits, odd-numbered CPPs were
found to have similar trends. The most stable conformation
determined by our previous report’ was used for each n in [n]
CPP. As described in Fig. 3, all benzene rings are alternately
twisted to form a highly symmetric structure (Dgq Ssymmetry for
[12]CPP).

First, TD-DFT calculations of [12]CPP were performed at
ground state molecular geometries to obtain the information
about absorption spectrum of [12]CPP. Depicted in Fig. 4 are the
energy diagrams of six frontier molecular orbitals of [12]CPP,
from HOMO — 2 to LUMO + 2, and the pictorial representations

Fig. 3 Optimized structure of [12]CPP.
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Fig. 4 Energy diagrams and pictorial representations of the frontier
MOs for [12]CPP, calculated at the B3LYP/6-31G(d) level of theory.
Excitation energies were computed by TD-DFT at the same level.

of these six orbitals. The HOMO and LUMO delocalize over the
ring of [12]CPP with Dgy symmetry, whereas other four orbitals
rather delocalize to two opposite sides with Cg symmetry.
Degeneracy in energy levels was found for the relevant pairs of
frontier orbitals, HOMO — 1/HOMO - 2 (-5.49 eV) and
LUMO + 1/LUMO + 2 (—1.39 eV). Throughout this paper,
these degenerate orbitals will be described as HOMO — 1 and
LUMO + 1 for clarity. Judging from the shape of each orbital,
the occupied orbitals represent m and the unoccupied ones rep-
resent ¥ frontier orbitals of conjugated p-phenylenes. According
to the TD-DFT calculations, two energetically low-lying charac-
teristic transitions arise from the set of six orbitals: one is a sym-
metry-forbidden HOMO — LUMO transition with the oscillator
strength (f) of 0.00 (excited state 1), and the other is a degener-
ate transition in which both HOMO — 1 - LUMO and HOMO
— LUMO + 1 excitations mix with high f'value of 2.09 (excited
states 2 and 3). All of these transitions are m—m* transitions.
Compared with the absorption spectrum of [12]CPP, excited
states 2 and 3 should correspond to 4,1, and the shoulder peak
(Aabs2) should be identified with the excited state 1. Deformation
away from high symmetry owing to dynamic conformational
change may make the forbidden transition possible. For
example, the rotation barrier of one benzene ring in [12]CPP
was already estimated to be low enough to occur under ambient
temperature (3.8 kcal mol™").

This journal is © The Royal Society of Chemistry 2012
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Table 3 TD-DFT vertical one-electron excitations calculated for [n]
CPP*

Table 4 Length, bending, and torsion effects in HOMO/LUMO
energies of CPP

Excitation ~ Oscillator
Compound [nm] strength (1) Description”
[6]CPP 491 0.00 H-L

326 0.78 H-1-LH->L+1
[8]CPP 433 0.00 H-L

339 1.31 H-1-LH->L+1
[10]CPP 407 0.00 H-L

348 1.47 H-1-LH->L+1
[12]CPP 395 0.00 H-L

353 2.09 H-1-LH->L+1
[14]CPP 387 0.00 H-L

356 2.53 H-1-LH-L+I
[16]CPP 381 0.00 H-L

357 2.99 H-1-LH->L+1
[18]CPP 381 0.00 H-L

361 3.50 H-1-LH->L+1
[20]CPP 379 0.00 H-L

362 4.01 H-1-LH->L+1

“ Calculated at the B3LYP/6-31G(d) level. ” H: HOMO, L: LUMO.

0.8
1.2 -
I LUMO+1
16 — - = - —
s - LUMO
3
> 2.0
2
[
c
@
£ 48
r=3
2 -—
o
5.2 - _ HOMO
56 - - HOMO-1
-6.0

10 12 14 16 18 20
nin [n]CPP

Fig. 5 Molecular orbital energies for [n]CPP.

Next, the TD-DFT calculations were conducted for other
CPPs. For even-numbered CPPs, the shapes of the orbitals and
degeneracy features were found to be same as those of [12]CPP.
As summarized in Table 3, the transitions of other CPPs were
almost identical in nature to those of [12]CPP. The energies of
frontier orbitals of CPPs are plotted in Fig. 5. Given the nature
and values of these transitions, two characteristics of CPP
absorption (constant A,,s; and blue shift of A,,5,) can be under-
stood. As shown in Fig. 5, the HOMO level increases and the
LUMO level decreases as the number of benzene ring increases,
which is in line with the blue shift of 1,4, (from 491 nm for [6]
CPP to 379 nm for [20]CPP). As already mentioned in other
theoretical studies of CPPs, %% this is the reverse of the case
of linear p-phenylenes. However, the energy of HOMO — 1
increases and the energy of LUMO + 1 decreases as the number
of benzene rings increases, similar to the case of linear

as CPP becomes larger

Length Effect parameter HOMO LUMO
Q O O longer = —=
Bending Effect
less bent u ﬁ

Torsion Effect

more twisted u ﬂ

p-phenylenes. Thus, the similarity of energy curves of HOMO —
1/LUMO and HOMO/LUMO + 1 results in similar values of
Aaps1 Tegardless of ring size (from 326 nm for [6]CPP to 362 nm
for [20]CPP). However, the experimentally observed constant
Aabs1 Values were not reproduced completely by TD-DFT in this
case, which we attribute to the fact that the self-interaction error
of the TD-B3LYP method increases with system size.

Ring effects on molecular orbitals

In essence, the above-mentioned interesting and counterintuitive
optical properties of CPPs (constant A, and blue shift of A,ps2)
can be ascribed mainly to the existence of unique frontier mol-
ecular orbitals. Here we propose three factors to explain the be-
havior of HOMO and LUMO of CPPs; length effect, bending
effect, and torsion effect (Table 4). The conjugation effectiveness
of linear p-phenylenes has been explained or estimated largely
by the number of benzene rings (length effect) and the torsion
angles of neighboring benzene rings (torsion effect).”**” In the
chemistry of strained cyclophane compounds, there also exists
the effect of planarity of benzene rings (bending effect).”® Gen-
erally the energy of an occupied MO increases and the energy of
an unoccupied MO decreases (i) as the number of repeating
benzene units increases, (ii) as the torsion angle of neighboring
benzene rings decreases, or (iii) as the benzene ring becomes
more bent.

Although the energies of most © and n* MOs of CPP, includ-
ing HOMO — 1 and LUMO + 1, are affected by these geometri-
cal parameters, it can be anticipated that the influence of length
effect is very small or negligible only to HOMO and LUMO
because of their “infinite” cyclic conjugation (Fig. 4). In con-
trast, there should be significant bending and torsion effects in
the HOMO/LUMO energies of CPP. The definition and values
of bent angles (a and f) and torsion angle 6 for CPP are shown
in Table 5. For example, if CPP becomes larger, a benzene ring
would be less bent, resulting in the stabilization of a m orbital
(HOMO) and the destabilization of a n* orbital (LUMO).”® A
torsion angle of neighboring benzene rings becomes larger as the
ring size of CPP increases, resulting in the stabilization of
HOMO and the destabilization of LUMO because of less over-
lapping of m-conjugation.”” Thus, both bending and torsion
effects lead to the increase of the HOMO-LUMO gap with
increasing CPP ring size.

To clarify which of the two effects (bending and torsion) are
more significant, we conducted the calculations using
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Table 5 Averaged bent angles (o, f (°)) and torsion angles (0 (°)) in

[n]CPP*
Q4

n in [n]CPP 6 8 10 12 14 16 18 20

Bent angle o 125 93 73 61 52 46 40 3.6
Bent angle 8 180 137 11.1 93 80 69 63 56
Torsion angle & 27.4 30.7 32.7 334 344 350 349 351

“ Optimized at B3LYP/6-31G(d) level.

(a) (b)

bending model torsion model
-08 -08
-12 - -1.2 LUMO+1
- _ LUMO#1 - - - = =
16 = - -16 - -
T R _ I Luvo
3 LUMO 3
> -20 > -20
2 =
s ]
2 2
5 5
£ a8 £ 48
£ £
5 - 5
- HOMO -
52 -——-— 52 - - _ |Howo
- 7 HOMO-1 - = = =
-56 - -56 HOMO-1
-6.0 -6.0

6 8 10 12 14 16 18 20 27 29 3 33 35
nin [nJCPP torsion angle (°)

Fig. 6 (a) Molecular orbital energies for [#]CPP. All torsion angles (6)
are restricted to 31°. (b) Molecular orbital energies for [12]CPP. All
torsion angles (0) are restricted to 27°, 29°, 31°, 33°, and 35°.

hypothetical model geometries for [#]CPPs. Shown in Fig. 6(a)
are the molecular orbital energies of “bending model” CPP in
which all torsion angles (6) are restricted to 31°. Even though
torsion angles are all fixed, the resulting plot was similar to that
for optimized CPP shown in Fig. 5. Fig. 6(b) shows the MO
energies of “torsion model” CPPs, where [12]CPP was opti-
mized with several restricted torsion angles. The bent angles of
these [12]CPPs are constant in the range of 27°-35°, which cor-
respond to the torsion angles in optimized [6]-[20]CPP
(Table 5). The most noticeable difference between Fig. 6(a) and
5 is that the LUMO level becomes more flat in the range from
[6]- to [20]CPP, indicating its stronger sensitivity towards
torsion, while the HOMO level behavior is almost unchanged. It
is clear from Fig. 6(b) that the torsion effect is a main contributor
for the unique behavior of LUMO energies, and that bending
seems less important for this MO. The torsion effect does also
have an influence for the unique behavior of HOMO energies,
but likely not as a main contributor. This finding can be rational-
ized by the bonding nature of HOMO and LUMO. While the
HOMO is mainly localized within individual phenylene units
and thereby rather independent from the inter-ring angle, the
LUMO is a n-bond mainly localized on the C—C bonds connect-
ing two phenylene units, and therefore strongly affected by the
p-orbital alignment between the two carbon atoms. The HOMO,
on the other hand, experiences increasingly antibonding inter-
actions between orbital lobes on neighboring phenylene units
with increasing bending angle.

On the basis of these control calculations, we conclude that
the unique behavior of HOMO and LUMO of CPPs is due
mainly to the lack of a conjugation length energy dependence in
the HOMO and LUMO and the significant influence of bending
and torsion effects on orbital energies. The bending effect is
more pronounced in HOMO energies, whereas the LUMO ener-
gies are more affected by the torsion angles of neighboring
benzene rings.

Conclusion

In summary, we studied the UV-vis absorption and fluorescence
in solution/solid states of [#]CPP (n =9, 12, 14, 15, and 16), and
conducted theoretical studies to better understand the experimen-
tal results. The representative experimental findings include (i)
the most intense absorption maxima (A,,s;) display remarkably
close values (338-339 nm), (ii) the longest-wavelength absorp-
tion maxima (4,ps2) are blue-shifted with increasing the ring size
(395 — 365 nm), (iii) the emission maxima (d.,) are blue-
shifted with increasing the ring size (494 — 438 nm for longest-
wavelength maxima), (iv) the fluorescent quantum yields (@) in
solution are high (0.73-0.90), (v) the fluorescence lifetimes (z)
of [9]- and [12]CPP are 10.6 and 2.2 ns, respectively, and (vi)
the @r values slightly increase in polymer matrix but signifi-
cantly decrease in the crystalline state. According to TD-DFT
calculations, A, corresponds to a forbidden HOMO — LUMO
transition and A, corresponds to degenerate HOMO — 1 —
LUMO and HOMO — LUMO + 1 transitions with high oscil-
lator strength. The interesting and counterintuitive optical proper-
ties of CPPs (constant A,,; and blue shift of A,,,) could be
ascribed mainly to the ring-size effect in frontier molecular orbi-
tals (in particular the increase of the HOMO-LUMO gap as the
number of benzene rings increases). On the basis of comparative
calculations using hypothetical model geometries, we conclude
that the unique behavior of HOMO and LUMO of CPPs is due
mainly to their lack of a conjugation length dependence in com-
bination with a significant bending effect (particularly to
HOMO) and a torsion effect (particularly to LUMO). The ques-
tions remaining unanswered include (i) the dual emission and
(i1) the blue-shift tendency in fluorescence. The theoretical inves-
tigation for these questions will be reported in due course. We
believe that the ring effect uncovered in this study may find uses
in the emerging field of organic electronics.

Experimental section
Photophysical property measurements

UV-vis absorption spectra were recorded on a Shimadzu
UV-3510 spectrometer with a resolution of 0.5 nm. Emission
spectra were measured with an F-4500 Hitachi spectrometer with
a resolution of 0.2 nm. Dilute solutions in degassed spectral
grade chloroform in a 1 c¢cm square quartz cell were used for
measurements. Absolute fluorescence quantum yields were
determined with a Hamamatsu C9920-02 calibrated integrating
sphere system equipped with multichannel spectrometer
(PMA-11). Fluorescence lifetimes were measured with a Hama-
matsu Picosecond Fluorescence Measurement System C4780

This journal is © The Royal Society of Chemistry 2012
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equipped with a USHO pulsed nitrogen laser (excitation wave-
length 337 nm with a repetition rate of 10 Hz).

Computational method

The geometry optimizations and time-dependent (TD) DFT cal-
culations of all compounds were performed using the B3LYP
theory and 6-31G(d) basis set as implemented in the Gaussian
03 program. The details are shown in the ESL{
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