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ABSTRACT: This study presents an important and efficient . 4 =29ps .
synthetic approach to S$,8-dibromo-2,11-di-tert-butylpicene (3), wExc'me;g =53 ps Fr;r;(el Excgins
with multigram scale, which was then converted to a new series of N 7 T N\ S S
picenophanes (6—10). The tub-shaped [2,2](5,8)picenophanediene WJ 1
8 with two cis-ethylene linkers was explored using X-ray ¢ 105 kealimal
crystallography. The tub-to-tub inversion proceed through the Jl’fu ns

successive bending of the linkers and the barrier for isopropyl-

substituted derivative 10 was experimentally estimated to be 18.7
kcal/mol. Picenophanes with a large 7z-system and semi-rigid
structure exhibited anomalous photophysical properties. The
ethano-bridged picenophane shows the weak exciton delocalization
while the cis-ethylene-bridged picenophane exhibits dual emission
rendered by the weakly delocalized exciton and excimer. With the aid
of the ultrafast time-resolved emission spectroscopy, the mechanism of the excimer formation is resolved, showing a unique behavior
of two-state reversible reaction with fast structural deformation whose lifetime is around 20 ps at 298 K. This work demonstrates that
the slight difference in the bridge of tub-shaped picenophanes renders distinct photophysical behavior, revealing the potential of
harnessing inter-moiety reaction in the picenophane systems.
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B INTRODUCTION b']dianthracenes (CODA), which are photofunctional materi-
als used as photoresponsive liquid crystals and light-melt
adhesive.” 7-Extended derivatives, cycloocta[1,2-b:5,6-b’]-
ditetracene (CODT) and cycloocta[1,2-b:5,6-b’|dipentacene
(CODP), exhibit characteristic excited-state photodynamics
for attaining intramolecular singlet fission.* Moreover, TSAs
compound properties, as exemplified by cycloocta[1,2-b:5,6- play major roles in supramolecular chemistry; for example,
dicorannulene-fused tetraphenylene is a buckycatcher used to

O encapsulate a Cg, molecule.” Enlarging the central ring size of

CHOED O O O O DBCOT leads to the formation of cyclophanes,” such as

n n 0.0 O O O 0‘ [2,2](2,7)naphthalenophanediene (NPD),7 [2,2](3,6)-
O NPD

Dibenzo[a,¢]cyclooctatetraene (DBCOT) and tetraphenylene
are the simplest (double) tub-shaped arenes (TSAs, Figure 1)
and are crucial ligands' and building blocks® in organic
syntheses. Expanding 7 systems leads to the diversification of

33%2{,5’;;)‘) phenanthro(2,7)naphthalenophanediene (PNPD),* [2,2]-
zoprin=g tetraphenylens PNPD (3,6)phenanthrophanediene (PPD),” [2.2](2,8)-
dibenzothiophenophanediene (DBTPD),"® [2.2](3,10)benzo-
s .z [c]phenanthrenophanediene (BPPD),'' and
OGO Q O x ];: O I [2.2](3,11)dibenzo[a,j]-anthracenophanediene (DBAPD)."”
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Figure 1. Ethylene-bridged cycloarenes and analogues.

© XXXX American Chemical Society https://dx.doi.org/10.1021/jacs.0c08115

W ACS Publications A J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min-Chih+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Chen+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yen-Chen+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cai-Xin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Xuan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi-Chi+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzu-Hsuan+Chao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzu-Hsuan+Chao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pei-Hsun+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mu-Jeng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pi-Tai+Chou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao-Ting+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c08115&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08115?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Except DBTPD, other cyclophanes were used as precursors for
(attempted) syntheses of [8]carbon nanobelt and cycloarenes,
including [n]circulenes and Kekulene, and their structures and
properties have barely been explored. DBTPD with a quasi-
planar structure, accompanied by some distortion in the central
ring, is different from the aforementioned cyclophanes. PNPD*
and PPD’ were assigned to be tub-shaped (syn-conformers)
based on theoretical investigations or chemical shifts in the "H
NMR spectra, whereas NPD,” BPPD,"! and DBAPD'* were
proposed to adopt step-like anti-conformers. Nonetheless,
none of their structures were proved experimentally.

B RESULTS AND DISCUSSION

Synthesis. In this study, a new series of picenophanes'
were synthesized, and their structures, molecular dynamics,
and photophysical properties were explored. Despite several
synthetic methods for preparations of picene'** and $,8-
dlhaloplceneHe’ being reported, eﬂic1ent and hence gram-scale
syntheses are still a great challenge.'*® Picenophanes may also
suffer from low solubility in common organic solvents.
Introduction of additional alkyl chains should improve the
issue. Therefore, new synthetic approaches to di-tert-butyl-
substituted picene and several picenophanes were investigated
herein (Scheme 1). The Suzuki reaction of 4-bromo-2,3-
dimethylphenyl triflate (1) with 2,4,6-tris(S-tert-butyl-2-
methylphenyl)boroxin yielded 1,4-bis(S-tert-butyl-2-methyl-
phenyl)-2,3-dimethylbenzene (2), which was converted into
5,8-dibromo-2,11-di-tert-butylpicene (3) on a multigram scale
(2.32 g) through radical bromination with N-bromosuccini-

Scheme 1. Syntheses of Picenes and Picenophanes
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mide (NBS) and the subsequent base-mediated intramolecular
couplings of benzylic (dibromo)methine (ArCHBr,) and
bromomethene (ArCH,Br) of the thus generated hexabro-
mo-substituted intermediate.'> Debromination of 3 through
successive treatment with #n-butyllithium and methanol
produced 2,11-di-tert-butylpicene (4).

Next, how to effectively construct a cyclophane is equally
important. NPD,” PNPD,® BPPD,'' and DBAPD'’ were
synthesized from the corresponding dithiacyclophanes using a
conventional route, which, regardless of chemical yields,
required many essential synthetic steps, including methylation,
oxidation, Stevens rearrangement, oxidation, and finally 1,2-
Hofmann elimination or pyrolysis. Normally, PPD was
achieved in 3—6 mg with small yields of 10—15% by
photocylization”™ or nickel-catalyzed cyclization” of halo-
substituted [2.2.2.2]paracyclophanetetraenes that were also
acquired inefficiently. The aforementioned synthetic ap-
proaches thus may not be suitable for picenophanes.
Alternatively, a new and efficient method was developed
herein where flexible acetyl groups were used as linkers for
connecting two picenyl moieties. Accordingly, palladium-
catalyzed Heck reaction of 3 with n-butyl vinyl ether was
conducted, which was followed by hydrolysis under acidic
conditions to obtain $,8-diacetyl-2,11-di-tert-butylpicene (5).'°
Picenophane 6 was produced through palladium-catalyzed a-
arylation'” of diketone § with an equal amount of 3. cis-
Ethylene linkers in 8 and ethano bridges in 9 were prepared by
reducing carbonyl groups of 6 and through the consecutive
dehydration and dehydroxylation of the resulting compound,
respectively. It needs to be emphasized that, with enough
dibromopicene 3 in hand, the title compound 8 was
accomplished on a semigram scale (415 mg). To study the
molecular dynamics of [2,2](5,8)picenophanediene experi-
mentally, isopropyl-substituted derivative 10 was prepared
from S and $,8-dibromo-2-tert-butyl-11-isopropylpicene (11)
using the aforementioned synthetic method (see Scheme S1 in
the Supporting Information).

Structural Analysis. Crystals of 6 and 8 were prepared
through the slow diffusion of methanol in dichloromethane
and chloroform solutions, respectively, at room temperature,
and their diffraction data were collected at 100 K. The notable
features of tub-shaped picenophane are mainly related to the
arrangement of two picenyl moieties, as verified by the
following structural parameters (see Figure 2a): (1) the
dihedral angle between the mean square planes (0,) of the two
picenyl moieties; (2) degree of staggering, determined using
the torsion angle of a bridge (6,); (3) opening (d;) and
shrinking (d,) of the tub, as estimated using the shortest
interplanar distances between any two peripheral carbon atoms
(C1, C2, C11, C12, C13, and C14) and inner carbon atoms
(CS, C6, C7, and C8), respectively; and 4) the average of the
distance (d;) between the internal hydrogen atoms (H6---H6'
and H7---H7').

Compound 6 crystallized in the monoclinic P2,/c space
group, with oxygen atoms and one tert-butyl group being
crystallographically disordered (Figure 2b). Moreover, 6 with
flexible linkers was expected to exhibit two conformers anti-6
and syn-6. However, only syn-6 was obtained in the solid state,
and the values of its structural parameters 6, 6,, d;, d,, and d,
were determined to be 103.2°, 83.1°, 9.092(3) A, 3.345(3) A,
and 2.38 A, respectively. According to the dihedral angle
between the mean square planes of the first and fifth six-
membered rings, one of the picenyl planes exhibited a higher
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Figure 2. Structural parameters (a) and ORTEP drawings and
molecular packing of 6 (b and c) and 8 (d and e) with 50% thermal
ellipsoids. Hydrogen atoms are omitted for clarity.

degree of bending than did the other (13.3° vs 3.6°). The only
syn-6 conformer and its bent picene fragment were presumably
caused by molecular packing. Each molecule 6 provided two
exo picenyl faces for intermolecular 7---7 surface overlapping
(Figure 2c) with numerous carbon—carbon nonbonded
distances of <3.434(3) A (Figure S1 in the SI), which are
comparable to the sum of the van der Waals radii of two
carbon atoms (3.40 A).'®* Several CH---z hydrogen bonds
between the tert-butyl groups located in a cavity and concave
faces were observed, and the shortest hydrogen bond exhibited
a contact distance of 2.53 A, which was measured as the
distance between the concerned hydrogen atom and the
centroid of the nearest six-membered ring.

Compound 8 with cis-ethylene linkers crystallized in the
orthorhombic Pbca space group (Figure 2d), and its cavity was
more rigid and smaller than that of 6, as evidenced by the
reduced values of 6, (76°), 8, (1.2°), d, [7.321(4) A], 4,
[3.077(3) A], and d; (2.33 A). Similar to 6, 8 crystallized with
one crystallographically disordered tert-butyl group and a bent
picenyl moiety of 17°. Molecules of 8 aggregated to form a
quasi-one-dimensional supramolecular chain through CH:--z
interactions, where the concave 7 surface of the green molecule
(see Figure 2e) attracted two fert-butyl groups of two yellow
neighbors (one of each) to produce four hydrogen bonds with
distances of 2.62—2.75 A (Figure S2). The exo-faces of the two
neighboring molecules (green and magenta) demonstrated
770 interactions. Effective overlapping was obtained mainly
between the central biphenyls (second and fourth six-
membered rings) of picenyl moieties; the separation of the
mean square planes was 3.36 A.

The structures of 8, 9, 10, PPD and BPPD, and their
molecular dynamics were theoretically examined using density
functional theory'® (DFT, @wB97XD/6-311g**,*° see the
Supporting Information). The optimized geometry 8 obtained
theoretically was consistent with that obtained experimentally.
Picenyl moieties in the theoretically derived 8 were slightly
bent (approximately 8°), and their structural parameters (6, =
84°, 6, = 0.0° d, = 7.903 A, d, = 3.095 A, and d, = 2.149 A)
were slightly different from those in the solid state. These
distinct differences can be rationalized by perturbations of

intermolecular interactions. As expected, the calculated
backbone of 10 is nearly identical to that of 8. PPD has a
tub-shaped structure similar to 8 and 10. BPPD adopts a step-
like anti-conformer, which is more stable than tub-shaped syn-
conformer by 4.0 kcal/mol (Figure S3 and S8). The calculated
structural parameters 6, 6,, d,, d,, and d; of syn-9 with C,
symmetry are 83.9°, 71.6°, 8.743 A, 3.293 A, and 2.122 A,
respectively.

Molecular Dynamics. On the basis of DFT analyses, the
tub-to-tub inversion of 8 to 8’ (= 8) proceeded through the
successive bending of the linkers via the transition state 8-TS,
the intermediate 8-Int, in which one of the cis-ethylene linkers
was oriented upward and the other was oriented downward
from the backbone, followed by the transition state 8'-TS (= 8-
TS, Figure 3). The barrier of the tub-to-tub inversion (AG¥,,,)

23
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Figure 3. Energy profile for the ring-inversion process of 8. The
relative energies are reported in kcal/mol.

of 8 was estimated to be 20.3 kcal/mol. Several sterically
congested positions were observed in 8-TS, including one
short nonbonded H---H contact (1.683 A) in the inner ring
and two pairs of peri hydrogen repulsions that distances
between alkenyl hydrogen atoms and their neighboring aryl
hydrogen atoms are 1.886 and 1.953 A. The three values are
smaller than the sum of the van der Waals radii of the
hydrogen atoms (2.20 A).'"*" Experimentally, we then
performed variable-temperature '"H NMR studies of 10 in
1,2-dichlorobenzene-d,. The results revealed the occurrence of
a slow tub-to-tub inversion at room temperature (Figure SS).
Two sharp doublets of diastereotopic methyl groups (1.33 and
1.30 ppm, Av = 12.8 Hz) at 293 K were converted into a well-
resolved doublet (1.29 ppm) at 403 K. The coalescence
temperature for signal merging was 358 K; hence, the value of
AG¥,, at the same temperature was approximately 18.7 kcal/
mol, which agrees well with the calculated value (20.2 kcal/
mol, see Figure S6). Unlike 8 and 10, tub-to-tub inversions of
CODA and PPD do not suffer from peri hydrogen repulsions
and proceed via (quasi) planar transition states with barriers of

8.6"" and 13.4 kcal/mol, respectively (Figure S7). We thus
conclude that 8 and 10 are more rigid than CODA and PPD.

Upon cooling of the solution of 9 in CD,Cl, (Figure S9),
the signals of "H NMR spectra progressively split into two sets
with a ratio of 1:1, which should be caused by C,-symmetric
syn-9, the most stable conformer (see below). The barrier
height (AG?) for the dynamic process was experimentally
determined as 11.8—12.6 kcal/mol at 243 or 253 K, depending
on signals of different hydrogen atoms (Table S1). DFT
calculations conclude that syn-9, which adopts a twisted tub-
shaped structure, is more stable than anti-9 by 4.2 kcal/mol
(Figure 4). Therefore, signals of anti-9 should not be observed

https://dx.doi.org/10.1021/jacs.0c08115
J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08115/suppl_file/ja0c08115_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08115?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08115?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

* 9-TS 9-TS

o >
° ‘3" (12.3) (12.3) a"a?’;; “%} °
e, W
J‘\‘ gl E‘z ta‘
‘ Lanti-9 |
L@2)
, =
93323 o i
3332 o0 1
syn-9 (0) f ﬁ - 3: 3’5”‘ syn-9' (0)
) o °93,3 Y 43 :’4 -
o 22 ° 3332 o 933 11
¢ a3 b4 ogs130 . »
“y, g,
3o’ 239 © :‘;" ‘{
b ® @

Figure 4. Energy profile for the ring-inversion process of 9. The
relative energies are reported in kcal/mol. Hydrogen atoms are
omitted for clarity.

in the NMR spectra on a long time scale at the studied
temperatures. anti-9 is the intermediate for the inversion of
syn-9 to syn-9’ (= syn-9). The conversion of syn-9 to anti-9
requires 12.3 kcal/mol, and the mechanism proceeded with a
twisted V-shaped transition state 9-TS through the successive
rotation of the enthano linkers. Notably, [2,2](2,7)-
naphthalenophane (NP),”' [2,2](3,6)phenanthro(2,7)-
naphthalenophane (PNP)® and [2,2](3,6)phenanthrophane
(PP)** have been prepared (Figure S), but the most stable
conformer of only the first compound has been identified that
anti-NP is more stable than syn-NP by 11.0 kcal/mol.

sl &
53 v IR ISR P e

Figure S. Ethano-bridged cyclophanes NP, PNP, and PP.

Electrochemical Properties. The redox properties of 4, 8,
and 9 in dichloromethane were examined using cyclic
voltammetry, and their reduction signals were not observed
in this analytic window (Table S2 and Figure S10). Monomer
4 exhibited one irreversible oxidation wave with an onset
potential of 0.90 V (vs the ferrocene/ferrocenium couple),
indicating the low thermodynamic stability of the cationic
species. The cyclic voltammograms of cyclophanes 8 and 9 are
complex that their oxidation signals may contain multiple
oxidation processes, verified by differential pulse voltammetry
(DPV). The first oxidation potential of 9 (0.79 V) is lower
than that of 8 (0.86 V). Compound 6 in tetrahydrofuran
displayed one irreversible oxidation signal at 0.68 V, which
exceeds that of 8 by 0.07 V.

Photophysical Properties. Table 1 and Figure 6 present
the photophysical properties of the compounds. 4, 8, and 9 in
cyclohexane exhibited similar absorption spectra, presumably
because their frontier orbitals were mainly located at picenyl
moieties with unremarkable orbital interactions (Figure 7).
The m-orbital lobes of ethylene linkers in 8 were notable only
in LUMO where they exhibited antibonding states. The
HOMO-LUMO gaps (Egp) of 4, 8, and 9 were 3.54, 3.14, and
3.24 eV, respectively. On the other hand, the different vibronic
progressive feature in the emission spectra of picenophane 9
and monomer 4 reveals the exciton delocalization in 9. Based

Table 1. Photophysical Properties of Picenophanes and
Their Fragments”

D Er

Aps (nm) Ay (nm) @ %

4 330,350 (broad) 379, 4007, 424", 449° 6.5 3.54
8 386 386, 407%, 435%, 469, 496" 2.7 3.14
9 363, 383" 385, 4067, 4307, 4587 133 324

“Measurements were conducted with samples (10 M) in cyclo-
hexane. Emission spectra were recorded with 330 nm excitation. The
wavelengths of the absorption peak and the emission peak are
denoted by A, and 4, respectively. A® and EgP are the quantum
yields and the optical HOMO-LUMO gaps, respectively. ~Vibronic
progression.
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Figure 6. Absorption (left) and emission (right, 4., at 330 nm)
spectra of 4, 8 and 9 (1 X 10™° M) in cyclohexane at 298 K.
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Figure 7. Frontier orbitals of 4, 8, and syn-9.

on the previous report,23 the vibronic intensity ratio I;_/Iy_;
equals to N/A* relating to the Huang-Rhys factor 4 and
delocalization number N. With this physical relation, the
Huang—Rhys factor of monomer 4 is evaluated as 1.03. The
slightly higher vibronic intensity ratio (1.36) in cyclophane 9
reflects that excitons delocalize at the picenyl moieties with N
~ 1.36, indicating weak intramolecular interaction between
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two picene moieties in 9. Such delocalization phenomena hold
at 313 K—253 K in methylcyclohexane (Figure S11).

Importantly, picenophane 8 with cis-ethylene linkers
demonstrates anomalous dual emission. The first emission
band ranging from 380 to 420 nm (the F, band) resembles the
emission profile of molecules 4 and 9. Clearly, such an
emission is attributed to the monomeric transition with slight
exciton delocalization dubbed as Frenkel exciton states. In
contrast, the broad emission band ranging from 450—650 nm
(the F, band) is assigned as the excimer emission,”* which is
reminiscent of the emission of other diarylalkanes.”> This
assignment is firmly supported by the temperature-dependent
emission spectra (Figure S12), showing that the excimer
emission decreases with the lower temperature and disappears
at 77 K in methylcyclohexane. This result indicates that such
an emission band relates to the structural relaxation that is
assisted by the thermal energy, matching the phenomena of
excimer formation.

Comparing the dual emission and single emission bands for
picenophanes 8 and 9, respectively, the structure of the linker
between the two picenyl moieties plays a key role for the
excimer formation. A simple linker variation leads to much
distinction in photophysics is surprising, which may be caused
by different charge transfer coupling strength affected by the
rigidity of the linker. The excimer emission of 8 is highly
sensitive to the solvent polarity and viscosity (Figure S14).
Toluene with relatively low dielectric constant (¢ = 2.2) and
low viscosity (7 = 0.56 cP at 298 K) causes the highest
intensity ratio of excimer emission among the solvents studied
herein. Cyclohexane with low dielectric constant (¢ = 2.0) and
relatively high viscosity (7 = 0.86 cP at 298 K, cf. toluene) and
dichloromethane with high dielectric constant (¢ = 8.9) and
low viscosity (7 = 040 cP at 298 K) reduce the excimer
emission ratio. Based on the observations, we surmise that the
increase of the solvent viscosity hinders the structural
relaxation incorporating large-amplitude motion, resulting in
the less efficiency of the excimer formation. On the other hand,
the energy level of the inter-moiety charge transfer state and
the corresponding coupling strength may be affected by the
increase of solvent polarity, which interfere the excimer
formation. In other words, increasing either environmental
polarity or viscosity decreases the excimer intensity. Thus,
ratiometic emission for normal versus excimer can be
harnessed by the interplay between viscosity and polarity. In
contrast, the emission spectra of 9 are solvent-independent,
indicating that the flexible ethano-bridge give more degrees of
freedom for the structural variation, prohibiting the excimer
formation.

To elaborate the dynamics of the picenyl system, the time-
resolved emission spectroscopies combining the time-corre-
lated single photon counting (TCSPC) and the femtosecond
flourescence upconversion are applied with the time resolution
20 ps and 150 fs, respectively. 4 and 9 show single exponential
population decay with similar observed lifetimes (z,) of 15 ns
(Figure S15). With the information on @ and 7, the radiative
decay rate constant (k,) of 4 and 9 can be evaluated. As a
result, k, of picenophane 9 is deduced to be 8.7 X 10° s7*,
which is around twice larger than that (4.3 X 10° s7!) of
monomer 4. This result verifies the superradiance in
picenophane 9, echoing with the exciton delocalization of 9
confirmed by the larger Io_o/Iy- in the steady-state emission
spectra (vide supra).”

As for the picenophane 8, the transition between the Frenkel
exciton state to the excimer state is captured (Figure 8 and
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Figure 8. Time-resolved emission spectra of picenophane 8. (a)
Fluorescence up-conversion decay curves obtained in cyclohexane
with an excitation wavelength (4,) of 270 nm at 298 K. (b) TCSPC
measurements in cyclohexane with 4., of 360 nm at 298 K.

Table 2. Fitting Lifetime of Picenophane 8 at 298 K

Amon (nm) observed lifetime 7, (pre-exponential factor)
430 18.6 ps (0.65), 2241 ps (0.35)
500 18.6 ps (—0.28), 2153 ps (0.72)

“Amon is the monitored emission wavelength.

Table 2). Figure 8a demonstrates the corresponding rise-decay
rate with 7., of 18.6 ps, representing the observed transition
rate between Frenkel exciton and excimer states. In Figure 8b,
the similar population decay lifetimes (7., &~ 2.2 ns) for both
monomer and excimer emissions reveal the characteristic of
pseudo-equilibrium between these two excited states. Such
character indicates that the system here can be analogized as
the two-state reversible reaction followed by excited-state
dissipation (emission and non-radiarive decay), which has
been utilized to describe the dynamics of excited-state electron
transfer,” 8proton—transfer27 and proton coupled electron
transfer.””>® As a result, the equilibrium constant K., and the
corresponding free energy difference AG can be derived by the
ratio of the pre-exponential between fast and slow decay (see
Figure 8), rendering K., = 1.86, AG = —0.5 kcal/mol, which
also roughly accords with the emission intensities between the
Frenkel exciton state and excimer state. The relatively small
AG with the large Stokes shift of the excimer emission (~13.6
kcal/mol) reflect that the redshift of the excimer emission
should result from the common solvent relexation of less than
few picoseconds.

We further performed tempeature-dependent dynamics of
excimer formation. As a reuslt, the slope of Arrhenius plot of
the excimer formation rate (Figure S16) deduces an acitvation
energy barrier (E,) of 2.5 kcal/mol in methylcyclohexane. Such
relatively small E, comparing to the ones of the other
diarylalkanes (3.4—4.2 kcal/mol) reveals that the cis-eth(}flene
linker may play a crucial role in the suppression of E,.”*”*’ The
results match well the shorter excimer formation lifetime of
picenophane 8 at 298 K (7 = 29 ps), which is much faster than
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ones of the other diarylalkanes (z = 10—100 ns).”*"*%3°
According to the extracted frequency factor (1.13 x10'* s7'),
such short excimer formation lifetime could correlate to the
low frequency vibronic motion of ~40 cm™'. Based on the
results elaborated above, the mechanism of excimer formation
in picenophane 8 is summarized in Figure 9. Upon the
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Figure 9. Excimer formation mechanism of picenophane 8.

excitation of 8, the Frenkel exciton immediately delocalizes to
the two moieties. Subsequently, the population in the Frenkel
exciton state transfers to the excimer state with lifetime ~20 ps
reversibly. The excited-state population then decays to the
ground state with a lifetime 2.2 ns.

B CONCLUSION

In summary, the chemistry, X-ray crystallographic structures,
molecular dynamics, and photophysical properties of piceno-
phanes were investigated. Tub-shaped [2,2]($,8)-
picenophanediene with a large n-system and semirigid
structure exhibited anomalous photophysical properties and
photodynamics. Remarkably, we observed that slight difference
in the bridge of the picenophane system renders significant
change in the excited-state properties. Ethano-bridged
picenophane 9 shows weak exciton delocalization verified by
the vibronic progressive emission spectra and the superradiant
effect. In sharp contrast, cis-ethylene-bridged picenophane 8
exhibits dual emission rendered by weakly delocalized exciton
and excimer. The dynamics is elucidated by the time-resolved
emission spectroscopy showing that the transition between
Frenkel exciton and excimer states undergoes subtle structural
deformation reversibly with a time constant of 18.6 ps
(forward plus backward reactions) at 298 K, which is much
faster comparing to the excimer formation rates of most
diarylalkanes. This result together with the steady-state spectra
indicates that the cis-ethylene linker contributes to not only the
formation of excimer state in geometry but also the
acceleration of excimer formation rate. The molecular design
together with the comprehensive chemical analyses and insight
into the photophysical properties sheds light on the unique
excite-state behavior of tub-shaped picenophanes, providing a
simple system to harness the inter-moiety reaction. The
concave 7 surfaces of tub-shaped compounds 6 and 8 have the
capability to form intermolecular hydrogen bonds with tert-

butyl groups. In the light of this information, accumulation of
metals on the concave 7 surface of picenophane is ongoing in
our laboratory, in order to explore metal-7 and (potential)
metal—metal interactions.”’
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