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Recent developments in science and technology utilizing organic
fluorescent materials have resulted in the increasing requirement
for highly efficient fluorophores. For creation of such fluorophores
it should be valuable to find some correlation between the
fluorescent quantum yield and 7 structure of fluorophores,' since
no general concept has been established yet. Thus the challenge of
obtaining a novel concept for this issue has been undertaken by
examining any relationship between fluorescent quantum yield and
other photophysical characteristics of the typical st conjugated
hydrocarbons® shown in Figure 1, the most fundamental fluoro-
phores. Photoreactive hydrocarbons were excluded because of the
reliability of photophysical data: 1. Rod- and star-shaped phenyl-
acetylene architectures (1—7 in Figure 1); rod-shaped: three benzene
ring system (1) to five benzene ring system (3); star-shaped: three
benzene ring system (4) to seven benzene ring system (7). 2. Rod-
shaped oligophenylenes (P-0—P-3 in Figure 1) consisting of two,
three, four, and five benzene rings. 3. Condensed aromatic
hydrocarbons (C-1—C-4 in Figure 1) consisting of two, three, four,
and five benzene rings.
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Figure 1. Structures of & conjugated hydrocarbons used in this study.

The obtained photophysical properties are summarized in Table
1. We examined if any correlation exists between absolute
fluorescent quantum yield (®y) and Aem, Aaps, OF € for all hydrocar-
bons shown in Figure 1. However no simple correlation was found.

Hence we have examined correlation between the ®; and
magnitude (A,) of the st conjugation length in the excited singlet
state (Figure 2). For this purpose it is necessary to derive A, from,
for instance, the radiative (rate constant: ;) and radiationless process
(rate constant: ky.).> Since k; and k,, are related to the corresponding
emission quantum yields and lifetime by ®¢ = k. x 7 and &, + ky,
=t 7!, we calculated the values of k;, and ky, using quantum yield
and lifetime data.* The obtained k; and k, values are shown in
Table 1. As illustrated in Figure 2, the k, is the rate constant for
the return process of a 7t electron promoted to the excited singlet
(S)) state to the ground (Sp) state of a & conjugated molecule
accompanying fluorescence emission, and the k,, is the rate constant
for radiationless process due to internal conversion and intersystem
crossing. As demonstrated in Figure 2, A; may be defined as the
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Table 1.b Photophysical Data of = Conjugated Hydrocarbons in
CHClz*

Aem Aabs T ke Ko Aﬁ.—r
compd @ (nm) loge (nm) (ns) (s (s (A)

1 0.83 348 459 328 551 1.51x10* 3.09 x 10’ 1.59
2 0.87 389 477 343 6.01 145x10* 2.16 x 10’ 1.90
3 093 389 513 354 627 148 x10° 1.12 x 10’ 2.59
4 0.14 330 470 302 546 256 x 107 1.58 x 10° —1.82
5
6
7

0.18 353 493 305 18.78 9.58 x 10° 4.37 x 107 —1.52

0.57 391 513 315 6.1 933 x 107 4.04 x 10’ 0.28

027 449 507 349 21.64 1.25x 107 3.37 x 10" —0.99
P-0 002 314 424 249 472 424 x10° 2.08 x 10° —3.89
P-1 049 342 449 280 438 1.12x10° 1.16 x 10° —0.04
P2 086 369 4.64 298 583 148 x 10° 240 x 107 1.82
P-3 091 386 4.80 309 546 1.67x 10° 1.65 x 107 2.31
C-1 002 323 358 286 533 3.75x10° 1.84x 10° —3.89
C-2 013 383 385 379 575 226x 10" 1.51x10° —1.90
C-3 026 373 4.60 338 89.30 291 x10° 829 x 10° —1.05
C-4 090 448 453 438 649 139 x 10° 1.54 x 107 2.20

“ All spectra were measured for 107 M solution at 295 K. In the
case of C-3, cyclohexane was used as solvent. ”Details of the
photophysical measurements: see Supporting Information.
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Figure 2. Schematic diagrams of light absorption (hv,), fluorescence
emission (hur), radiative (k;) and radiationless (kn) processes, 7r conjugation
length (A,) at the S; state, and intramolecular electron transfer (ET) of a @
conjugated molecule. The number (0 and 1) in parentheses corresponds to
So and S, respectively.

distance between dipoles arising from So — S, transition (light
absorption). Thus k,, is regarded as the rate constant of radiationless
decay due to the electron transfer (ET) from the negative charge
to the positive charge.

As shown in Table 1, the k, values increase and the k,, values
decrease with 7t conjugation length of the rod-shaped molecules
(P-0—P-3), suggesting that the k/k, value might be related to 7
extension in the S, state of the sz conjugated molecule.

First, we derive A, from k; and k,,. From Einstein’s equation5
(fundamental relationship of transition probability with absorption
and emission), k; is given by eq 1,

k=A, (1)

where A, is the Einstein transition rate constant for spontaneous
emission from the S; to the S, state.
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Figure 3. Correlation between fluorescence emission maximum (Aem) and
magnitude (A;) of 7 conjugation length in the S; state of & conjugated
hydrocarbons, PO—P3.

On the other hand, k., is known to follow the energy gap law:
kyr is proportional to exp(—Ey,), where Ey, is the energy gap between
the S; and S, state.®” This equation, however, does not contain A,
(or related term). As shown in Figure 2, k,, can be regarded as the
rate constant for the intramolecular electron-transfer process from
Si to So. And so the Hush equation®® shown in eq 2 may serve our
purpose, though it does not include the Sy — S; transition term.

kgr = ko exp(—BR) 2)

where k is the rate constant at R = 0 and 3 is a constant. R is the
distance between negative charge and positive charge.

Hence, k, is considered to be expressed by combining the Hush
and Einstein equations for light absorption® as shown in eq 3,

knr = BO,] exp(_ﬁAn) (3)

where By is the Einstein transition probability, the rate of the
molecule going from the Sy to the S; state by absorption of
radiation.® Since By = B, (rate constant for induced emission
from S; to Sp) and eq 4 (relationship between B,y and A;p) is
known,’ k,, is expressed by eq 5,

By =B, = (c/87hv))A, )

where c is the speed of light, /4 is Planck’s constant, and v is the
frequency of fluorescence emission maximum.

ko= (CS/SJThVS)Al,O exp(—fA,) )

From eqs 1 and 5, we get eq 6.

k/k,. = (8mhv*/c”) exp(BA,) (6)

Equation 6 is a k/k,, relationship at arbitrary fluorescence quantum
yield (®y).

If we consider the case of ®; = 0.5 as the reference standard
(where, k* = ky," and A;* = 0 as described later), we get eq 7.

(k/ ko )/ (kS 7k, S =k /K = (v /v*) exp(BA,) 7

Assuming that v & v* based on the relationship between v and
A, (Figure 3), eq 7 could be simplified as

k/k,,=exp(BA,) 8)

Though S should be experimentally determined, if we assume
that 3 is 1 inferring from literature values,®° we get eqs 9 and 10.

k/k,.=exp(A,) )
A =In(k/k,) (10)
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Figure 4. Correlation between absolute fluorescence quantum yield (®y)
and magnitude (A,) of 7z conjugation length in the S; state of 7z conjugated
hydrocarbons. Solid line: theoretical line based on eq 13.

Multiplication of both sides of eq 10 (unitless) by 1 A gives the
values in units of angstrom. The A, values (A) are summarized in
Table 1. The practical & conjugation length (A;*) in the S; state
could be given by (A, + 4.6) (A) (Supporting Information).® It is
noted that a linear relationship with a positive slope between A,
and A, is observed for the rod-shaped s conjugated systems,
P0—P3 as shown in Figure 3.

Next, we derive the relationship between ®; and A,. From ®;
=k x tand k, + k,, = 7 "' as described before, we geteq 11.

O, =k /(k, +k) (11

Upon dividing the denominator and the numerator in eq 11 by
k:, we obtain eq 12.

@, = 1/((k,/k)+ 1) (12)

By using simple mathematics based on eqs 9 and 12, we have
eq 13.

@, =1/(exp(—A,) + 1) (13)

This is the theoretically derived relationship between ®; and A.

Equation 13 gives a sigmoid relationship between ®¢ and A, as
shown by the solid line in Figure 4. The plot (blue color) of ®¢
against A for all compounds listed in Table 1 falls on the theoretical
line. Thus we have been able to elucidate how the 7 conjugation
length affects fluorescence emission efficiency, providing a new
concept for molecular design for highly fluorescent organic
compounds. The approximately linear portion observed between
O = 0.1 and ®¢ = 0.9 is particularly useful for this purpose. In
Figure 4 A, becomes 0 when @ is 0.5 (where &, = k,, from ®&; =
ki (k; + ku)). As a tool to predict ®y from a structural model, (7,
— 7p'? x @*? (¥,; wavenumber of absorption maximum, 7
wavenumber of emission maximum, a: molecular radius) could be
used instead of A, (Supporting Information).

We have preliminarily examined the correlation between ®; and
A, for the following substituted 7 systems: (1) donor(OMe)/
acceptor(CN)-substituted diphenylacetylene' (8), (2) donor(OMe)/
acceptor(CN)-substituted pentakis(p-phenylene ethynylene (9), and
(3) donor(OMe)-substituted 5'¢ (10). The new compound 9 was
synthesized by the reactions shown in Scheme 1 (synthetic
procedures, Supporting Information). Their photophysical data are
shown in Table 2.

As shown in Figure 4 (red), it is of particular interest that the
plot of ®¢ against A; for 8, 9, and 10 also falls on the solid line.
The significant increase in @ and Aey occurs by the introduction
of donor/acceptor groups (8 and 9) or donor groups (10).
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Table 2. Photophysical Data of Substituted = Systems in CHCl3*

Aem Aabs T k Kor A{.[

compd® @ (nm) loge (m) (ns) (s (s A
8 044 374 440 326 5.86 7.51x 10" 9.56 x 107 —0.24
9 0.88 527 472 456 629 1.40 x 10® 1.91 x 107 1.99
10 0.40 384 4.65 334 647 6.18 x 10’7 9.28 x 107 —0.41

“All spectra were measured for 107® M solution at 295 K.
b Structures of 8, 9, and 10 are as follows.
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Figure 5. Fluorescence spectrum and color of 9 in CHCls.

In the donor/acceptor-substituted linear 7 conjugated systems,
an increase in st conjugation length in the excited singlet state is
considered to bring about the increase in both ®; and Aey.

It should be of great interest that the remarkably intense green
fluorophore 9 (Dy 0.88, Aem 527 nm, log € 4.72) (Figure 5), having

a similar emission characteristic to that of a green fluorescent protein
(Topaz, T203Y type, ®@¢ 0.60, Aey, 527 nm, log € 4.98) of current
topic,'® has been created based on our concept.

Although it is necessary to establish the generality of this concept
by the experimental examination for various other st systems, this
concept should be valuable for (1) examination of an excited singlet
state structure (for instance, coplanarity of excited-state molecules)
and (2) molecular design of novel materials, in which the excited
singlet state plays an important role, such as highly efficient
fluorophores, electroluminescent materials, photoconducting materi-
als, and nonlinear optical materials.
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