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Excited-State Behavior ofN-Phenyl-Substitutedtrans-3-Aminostilbenes: Where the
“m-Amino Effect” Meets the “Amino-Conjugation Effect”
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The electronic spectroscopy and photochemistry of the trans isomersNepBenylamino)stilbenenil1c),
3-(N-methylN-phenylamino)stilbenentld), 3-(N,N-diphenylamino)stilbenengle), and 3-(-(2,6-dimeth-
ylphenyl)amino)stilbeneni1f) and their double-bond constrained analogm@s—m2c andm?2eare reported.
When compared witltrans-3-aminostilbenerfl1a), m1c—mledisplay a red shift of the S— S, absorption

and fluorescence spectra, lower oscillator strength and fluorescence rate constants, and more efficient S
T, intersystem crossing. Consequently, Myphenyl derivativesnlc—mlehave lower fluorescence quantum
yields and higher photoisomerization quantum yields. The correspohdpigenyl substituent effect im2a—

mZ2e is similar in cyclohexane but smaller in acetonitrile. This is attributed to the weaker intramolecular
charge transfer character for the sfate ofm2 so that the rates for intersystem crossing are less sensitive to
solvent polarity. It is also concluded thBkphenyl substitutions do not change the triplet mechanism of
photoisomerization fom1 in both nonpolar and polar solvents. Therefore, tiregimino conjugation effect”
reinforces the firamino effect” on fluorescence by further reducing its rate constants and highlights the
N-phenyl-enhanced intersystem crossing from the “amino-conjugation effect” by making $; the
predominant nonradiative decay pathway.

Introduction

Stilbene and its derivatives play a crucial role in the current
understanding and application of photoinduced trais isomer-
ization of alkenes, one of the most thoroughly investigated
reactions in molecular photochemist¥.The trans— cis
double-bond torsion in the lowest singlet excited statg (S
encounters an energy barridf,( before it reaches a surface
minimum at the perpendicular geomettp¥) (Figure 1)34The
1p* state then undergoes an efficient surface junpp-SS, due ‘ | |
to the conical intersection, which accounts for a fraction65 0° 900 1800
for the decay oftp* to the trans §) and cis (18) isomer (e.g., Double-bond torsional angle
B = 0.46 for transstilbene). Although the corresponding Figure 1. Simplified potential-energy diagram for the lowest electronic
potential-energy surface in the triplet statg)(i& barrierless, states of stilbenes. The dash arrows show the traess photoisomer-
photoisomerization via the triplet state is limited by the IZation pathway along the;State.
inefficient § — T intersystem crossing, except for some
halogen-, nitro-, and carbonyl-substituted derivativea/ith
disregard for the mechanism, photoisomerization often domi-
nates fluorescence in accounting for the excited decapnt
stilbenes.

The “mamino effect®*® and the “amino-conjugation
effect®11 are two of the few substituent effects that could
substantially suppress the photoisomerization quantum vyiel
(P1s) and thus increase the fluorescence quantum yiehifor
unconstrainedrans-stilbenes. The former effect is illustrated
by the more than 1 order of magnitude larger for trans-3-
aminostilbene ila) than for trans-4-aminostilbene f1a),
which is also an intriguing example of a position-dependent
substituent effect in molecular photochemist®. The latter
effect reflects elongated conjugation fprla by N-phenyl
substitutions, as exemplified by aminostilbempds, pld, and
ple A common feature for these two amino substituent effects

is the larger stabilization of the; State vs thép* state so that
the barrier for the singlet-state torsion is increased and the rate
for photoisomerization is reduced. When the torsional barrier
is too high to be overcome, photoisomerization occurs only via
the triplet state (e.gmla andple). Therefore, the efficiency
of intersystem crossing relative to that of fluorescence becomes
d crucial in determining the values dfi. and®s for these “high-
torsion-barrier'trans-stilbenes. As compared with the dynamics
of pla(ki~ 6 x 10 s Tandkisc~ 4 x 10°s 1) 6the S — T,
intersystem crossing is more important forla because the
fluorescence rate constant decreases more than the intersystem-
crossing rate constanks(~ 1 x 10 s andkc ~ 2.4 x 107
s, but forpleit is mainly due to the lager rate constant for
intersystem crossind((~ 4 x 10° s 1 andkisc~ 3 x 108 s71).
Apparently, the inherent nature of these two amino substituent
effects is different.
In view of the pronouncedrframino effect” and “amino-
*To whom correspondence may be addressed. E-mail: jsyang@ COnjugation effect”, it is desired to investigate the corresponding
cc.ncu.edu.tw. effect of their combinations, namely, theramino conjugation
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6 TABLE 1: Maxima of UV Absorption ( Aaps) and

(a) mie \ Fluorescence %), Fluorescence-Band Half-Width Av,,), 0,0
\ Transition (40,0, Stokes Shifts Avs), and Oscillator Strength

(f) for the Sp — S; Band of m1 and m2 in Cyclohexane

(c-Hex) and Acetonitrile (MeCN)?

Avip Avgt
compd solventlas(nmpP A (nmY¥  (cm 1) Ago(nm) (cm e  ff

mla c-Hex 297 (328) (378)394 4114 359 (354) 5107 0.14
MeCN 298 (330) 456 4266 384 8373 0.15
milb c-Hex 296 (344) (400)416 3665 382(370) 5031 0.09
MeCN 297 (344) 490 4029 410 8662 0.09
mlc c-Hex 294 (335) (388)403 3716 371(369) 5037 0.10
MeCN 294 (336) 473 4316 395 8620 0.08
mld c-Hex 298 (340) (401)415 3645 381 (378) 5315 0.07
MeCN 296 (340) 494 4650 403 9169 0.06
mle c-Hex 299 (351) 406 (418) 3325 387(387) 3859 0.05
MeCN 297 (350) 489 4149 407 8122 0.05
mif c-Hex 290 (335) (385)402 3852 369 (365) 4975 0.11
MeCN 289 (335) 453 4169 390 7776 0.12
m2a c-Hex 303(330) (367)381 3731 352(355) 4056 0.16
MeCN 304 (330) 429 4399 372 6993 0.14
m2b c-Hex 306 (342) (390)405 3561 373(369) 4548 0.09
MeCN 306 (341) 455 3922 397 7347 0.11
m2c c-Hex 299 (330) (379)394 3667 363 (369) 4922 0.14
Wavelength (nm) MeCN 298 (332) 449 4225 384 7849 0.11

Figure 2. UV —vis absorption spectra of (&)1la—m1f with the long- m2e c-Hex 305(346) 398(409) 3169 380(385) 3776 0.06
ngelength absorption bgnd an?plified (in(sagt) andi@)s-stilbene (tgs) MeCN 304 (344) 361 4050 396 7378 0.07
and diphenylamine (dpa) in cyclohexane along with Gaussian decon-  aFluorescence data are from corrected spebféaxima of the long
volutions of the longest wavelength transition in the spectrend€. wavelength absorption bands are given in parenthédé¢axima of

. . vibronic shoulders are given in parentheseBhe value ofloo was
effect”, on the photochemistry dfans-stilbene. Moreover, the  obtained from the intersection of normalized absorption and fluores-
difference in electronic properties between meta- and para-cence spectra. The value in parentheses istthevalue of the para
conjugated systems has been a subject of current intgré&t,  isomer (from ref 11)® Avg = vas (So — Sp) — vr. 'f = 4.3 x 107°
particularly in accounting for their different performance as ()dv.
nonlinear optical? light-harvestingt*~16 and light-emitting”-18 ) ) o
materials. In this context, we have investigated the excited-stateind the deconvoluted Gaussian bands (erd.¢in Figure 2b).
behavior ofN-phenyl-substitutettrans-3-aminostilbenesic— These data along with the absorption maximarfda—m1fin
m1f and their double-bond constrained derivative2a—m2c cyclohexane and acetonitrile are reported in Table 1. The

andm2e We report herein thatl-phenyl substitutions imila oscillator strengths decrease in the onadra > m1f > mlc~
result in smaller fluorescence quantum yields and larger trans M1P > m1d > mle and the wavelength of the lowest energy

— cis photoisomerization quantum yields. The origin of such a @PSOrption maximaigg increases in the ordenla < mif ~
m-amino conjugation effect will be elucidated and compared M1¢ < mld <mlb < mle The similarity in both parameters

with the amino conjugation effect on the para isomets— for mla and m1f suggests that the differences firand Aaps
plf andp2a—p2e21l amongmla—mlf are associated with theconjugation interac-

tions, since the bulky-aryl group inm1f is expected to have

€ (104 L mol' cm™!

= = the least degree of conjugation with the aminostilbene moiety.
7N, A Figure 2b also shows the absorption spectrarafs-stilbene
and diphenylamine in cyclohexane, which are located within
para: p1 para: p2 the envelope of the 300-nm bands foric. This appears to
meta: m1 meta: m2 indicate that the more allowed upper excited states are of more
H localized transitions. The small change in absorption maxima
_ CHy  H o ) o . : -
A= NH, N N N N N_CHs for mla—mlf on going from cyclohexane to actonitrile also
CH, @ @ O H3c~® indicates a small difference between the dipole moments of the
ground and FranckCondon excited state.
a b c d e f The molecular orbitals ofmlc—mif were derived by

semiempirical INDO/S SCF-CI (ZINDO) calculation$® based
on the AM1-optimize&® molecular structures. The highest-
Absorption Spectra. The absorption spectra ofilc—mif occupied molecular orbital (HOMO) and lowest-unoccupied
in cyclohexane are shown in Figure 2a. For comparison, the molecular orbital (LUMO) formla, mlc, andmle are shown
spectra ofmlaf andm1b’ in cyclohexane are included. As in  in Figure 3. More detailed orbitals ofila are availablé,and
the cases ofmla and milb, mlc—mlf display multiple those ofmlc andmleare provided in the Supporting Informa-
absorption bands, with the most intense bands near 300 nm andion. Whereas the LUMO is localized on the stilbene moiety
shoulders of low intensity near 340 nm. The introduction of with nearly the same appearance in all three cases, there is a
N-substituents irmla results in a hyperchromic shift of the  progressive change in the HOMO on going fromia to mlc
300-nm bands and a hypochromic shift of the 340-nm bands. to mle where the charge density is increased at the nitrogen
The latter is also accompanied with a red shift, whereas thereatom but decreased at the central double bond. Therefore, the
is no specific shift for the former bands. By assumption that HOMO — LUMO transition has an increased charge transfer
the long wavelength 340-nm bands correspond to the-S,; (CT) character on going froomlato mlcto mle similar to
transition, the oscillator strength§ (vere estimated by integrat-  the cases of the para isomg@sa—ple However, it should be

Results
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Figure 3. ZINDO-derived HOMO and LUMO foimla, mlc, mle
andmz2c. Only atomic charge densities with 7% or larger contribution
are included.

noted that the Sstate formla—m1f is of significant config-
uration interactions with the contribution of the HOMGS
LUMO configuration to the description of;Seing only ca.
50%, substantially smaller than that for the para isorpées-
plf (85—95%)? It should also be noted that fonla—m1if the
overall configuration interactions to the description af iS
sensitive to the changes in the-€h and N-Ph torsional angles.
The larger extent of configuration interactions in the meta vs
para isomers has been attributed to the loss of symrfiétry.
The electronic absorption spectra w2a—m2e resemble
those ofmla—m1le?? However, a small but noticeable change
in the maximum and oscillator strength for the S S
absorption band is observed fon2 vs m1 (Table 1). As
previously demonstrated f@2 vs p1, substitution of the styryl

group by indene results in a less planar conformation and more

localized frontier orbitals for aminostilben&stEor comparison,
the ZINDO-derived HOMO and LUMO fom2c are also shown
in Figure 3. Whereas the LUMO ah2c is not much different
from that ofm1, the charge density in the HOMO mainly locates

at the central double bond instead of the nitrogen atom.

Furthermore, the contribution of the HOM& LUMO con-
figuration to the description of;3s increased{60%) due to
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ab cde

Fluorescence Intensity

T T T T T
350 400 450 500 550 600 650

Wavelength (nm)

Figure 4. Fluorescence spectrawflcin (a) cyclohexane, (b) toluene,
(c) dichloromethane, (d) acetone, and (e) acetonitrile.

TABLE 2: Ground- and Excited-State Dipole Moments for
ml and m2

compd a(A)® m (cm™)° #q (D)* te (D)
mla 4.26 11135 15 10.0
mlb 4.62 10642 1.7 11.1
milc 4.76 11524 1.1 11.7
m1d 4.84 11560 1.2 12.0
mle 5.00 12066 0.6 12.6
mif 4.91 8017 1.4 10.4
m2c 4.67 9040 1.9 10.6

a2 Onsager radius from eq 3 witth = 0.9 for m1b, 1.0 for mla,
mlc, mld, and mif, and 1.1 g/crh for mle and m2c.  Calculated
based on eq X Calculated by use of ZINDO.

against the solvent parametaf according to eq %
V= —[(1/4:160)(2/hca‘°’)][p¢e(ue — ug)] Af + constant (1)
where

A= (e— 12 +1)— 050 — 1)/(2*+1) (2)

and

a= (3M/4Nzd)** (3)
wherev; is the fluorescence maximumy is the ground-state
dipole momenta s the solvent cavity (Onsager) radius, derived
from the Avogadro numberN), molecular weight (M), and
density €l), ande, o, andn are the solvent dielectric, vacuum
permittivity, and the solvent refractive index, respectively. The

a lesser extent of configuration interactions. These differencesvalue ofug was calculated using the ZINDO algorithm. Values

are expected to lead to a smaller intramolecular CT (ICT)
character for the Sstate. Indeed, the compound seri@2
display a smaller solvent effect thanl in their fluorescence
properties (vide infra).

Fluorescence SpectraThe fluorescence spectra oflc—

of the calculated dipole momentswifla—m1f are summarized
in Table 2. A larger value ofie for the N-phenyl derivatives
mlc—mlethanmlais consistent with the larger ICT character
in the HOMO— LUMO transition inmlc—mZlevs mla(Figure
3). It should also be noted that the valuesugffor the meta

mif display diffuse vibrational structures in cyclohexane and derivatives are similar in magnitude to those for the correspond-
become structureless in more polar solvents. Unlike their ing para isomers. Similar phenomena have been observed for
absorption spectra, the fluorescence maxima show a considerableneta and para done@acceptor-substituted benzerfés.

red shift on going from cyclohexane to acetonitrile. Typical
spectra represented by the casendfc are shown in Figure 4.
The fluorescence maximasf, half bandwidth Avy/5), and the
Stokes shift Avg), calculated from the maxima of the; S
absorption and fluorescence spectrardfc—m1f are reported
in Table 1 along with the data ahla and mlb. The large
solvatochromic shifts indicate that the $ate possesses a strong
ICT character.

The dipole moment of the;State can be estimated from the

The parameters of the fluorescence spectra for the double-
bond constrained analogue® are also reported in Table 1.
With the same amino substituent, the fluorescence maxima for
m2 vs ml are blue shifted with a slightly smaller half
bandwidth. As indicated by the values &y, the S state of
m2 is of higher energy. Furthermore, the magnitude of the red
shift in fluorescence spectrum on going from cyclohexane to
acetonitrile is also smaller fom2, indicating a weaker ICT
character of the Sstate. This is evidenced by the smaller

slope (1) of the plot of the energies of the fluorescence maxima excited-state dipole moment fon2c vs mlc (Table 2).
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210 0m @ (b) TABLE 3: Quantum Yields for Fluorescence @;) and
Photoisomerization @), Fluorescence Decay Timest(),
- Rate Constants for Fluorescence Decay{), and
= Nonradiative Decay n;) for m1 and m2 in Solution
=
2 compd solvent @ ® 7 (NsP ke (1Ps) ki (1Bs™)
8 mla c-He¥ 0.78 0.09 7.5 1.0 0.3
g MeCN 055 023 11.7 0.5 0.4
o mlb c-He¥ 0.72 0.08 125 0.6 0.2
S MeCN 0.30 131 0.2 0.5
2 mlc  c-Hex 0.57 8.7 0.7 0.5
CHCl, 0.29 0.38
= MeCN 0.17 7.4 0.2 1.1
400 450 mid c-Hex 0.46 8.8 0.5 0.6
Wavelength (nm) CHCl, 0.14 0.40
MeCN 0.10 8.4 0.1 1.1
431 om (© mle c-Hex 0.17 6.7 0.3 1.2
o CHCl, 0.17 0.37
= MeCN 0.14 11.7 0.1 0.7
S m1f c-Hex 0.70 9.4 0.7 0.4
E CH.CIl, 0.45 0.27
8 MeCN 0.44 11.9 0.4 0.5
S m2a c-Hex 0.81 6.6 1.2 0.3
§ MeCN 0.68 141 0.5 0.2
] m2b c-Hex 0.87 10.3 0.8 0.1
2 o MeCN 0.43 13.1 0.3 0.4
nm m2c c-Hex 0.58 10.0 0.6 0.4
) S MeCN 0.21 11.2 0.2 0.7
400 450 500 550 400 450 500 550 m2e  c-Hex 0.17 5.0 0.3 17
MeCN 0.16 9.4 0.2 0.9

Wavelength (nm)

Figure 5. Temperature dependencies of the fluorescence spectra of * 1he value ofr was determined with excitation and emission around

milcin (a) MCH and (b) MTHF and those of (@)lc and (d)plein the spectral maxima, unless otherwise notedata from ref 6.¢ Data
MTHF at 20-K intervals between 180 and 340 K. from ref 7.
0.25

The temperature dependence of the fluorescence spectra of |
m1lb, mlc, mle andm2c was studied in methylcyclohexane 0.20
(MCH) and 2-methyltetrahydrofuran (MTHF) between 180 and 1
340 K. The spectra ofmlc are representative and shown in 0.15
Figure 5. The fluorescence intensity for all cases in both solvents  Ad; 1
is rather insensitive to the temperature, but a blue shift of the 010+

spectra is observed upon raising the temperaturenty mlc,
andmle, the shift is small (9 nm) in MCH, but it is as large

as 2730 nm in MTHF from 180 to 340 K. The corresponding
spectral shift is smaller fan2c, which is 6 and 20 nm in MCH
and MTHF, respectively. A small blue shift of the fluorescence
spectra fople in hexane upon raising the temperature was also

0.05

0.00

Amino Substituent
observed.For comparison, the temperature-dependent fluores- Figure 6. Solvent-dependent difference @ betweenm2 andm1

cence spectra fgrlcandple in MTHF are shown in Figure 5. (A%r = @1 (m2) = @ (m1)).

While the size of spectral shift is significant fpke (22 nm), it

is smaller forplc (14 nm). The large quenching of fluorescence ' . -

intensity upon raising the temperature fiic is consistent with ~ With the same amino substituent, the valuestpfare nearly

the presence of isomerization in the Sate? In contrast, the  identical forml andm2in cyclohexane, but they are larger for

lack of large changes in fluorescence intensity for 3-aminos- M2 Vs m1in acetonitrile. Such a difference @ between the

tilbenes upon changing the temperature indicates the absencdV0 compound series results from changes in Btand k.

of such an activated nonradiative decay process for S For further comparison, the fluorescence quantum yields for
Quantum Yields and Lifetimes. Fluorescence quantum m,l an202I m2 in THF apd Q|chloromethane were also deter-

yields and lifetimes ) for mla—m1f and m2a—m2e in mined?? As depicted in Figure 6, a larger d|fference<i1} _

cyclohexane and acetonitrile are given in Table 3 along with betweenml andm2 was observed in these medium polarity

the rate constants for radiativis & ®r /z) and nonradiative ~ SCIVeNts.

(kar = (1 — ®y)/77) decays. For all cases, tidg values decrease In addition to fluorescence quantum yields, quantum yields
on going from cyclohexane to acetonitrile. All decays can be for trans — cis photoisomerizationd,) of mlc—mif in

well fit by single-exponential functions, and the fluorescence dichloromethane are reported in Table 3. By assumption that
lifetimes are generally longer in acetonitrile than in cyclohexane. the decay of the perpendicular p* state yields a 1:1 ratio of

in ®; with increasing solvent polarity or upon N substitutions.

The introduction ofN-methyl andN-phenyl groups tomla trans and cis isomers, the sum of the fluorescence and
reduces the fluorescence quantum yield in the ordentd > isomerization quantum yield¢ + 2®,.) for mlc—mif equals
mif > mlb > mlc > mld = mle There is only a small 1 within the experimental error, as are the casemta and

difference in®; betweenm1f and mla, consistent with their mlb. This indicates that the decreasedmis simply compen-
similarities in both absorption and fluorescence spectra. A sated by the increase i or vice versa amongnla—mif
decrease itk; and/or an increase ik, account for the decrease and other decay pathways such as internal conversion are



6454 J. Phys. Chem. A, Vol. 109, No. 29, 2005

Yang et al.

unimportant in accounting for the excited decays of these that the dimethylamino group causes a larger splitting;@h&n

3-aminostilbenes.

Discussion

To understand thetr vs p-amino conjugation effect, we need

the anilino group does in 3-aminostilbenes. The valuekgf

A+, and Agg for m1b are instead closer to those farld. A
stronger splitting of the excited statesirib could also account
for the presence of a blue-shifted banc~&80 nm, which is
not observed for the other 3-aminostilbenes (Figure 2a). It is

to understand first the difference in electronic properties between ., ,\vn that the magnitude of electronic coupling between the

mZlaandpla which has mainly been attributed to the difference
in molecular (orbital) symmetr§y. Whereas the § — S,

absorption band is essentially a one-electron transition from the

HOMO to the LUMO for pla, it arises from extensive
configuration interactions in the caserofla due to the loss of

symmetry. On the basis of the weak (i.e., low oscillator strength) betwe
S — S; band, long fluorescence lifetimes, and low fluorescence

rate constantsnlashould possess a State of mixedL /'Ly
nature, in contrast to the pute, character of $for pla. Such

a difference in $between meta- and para-substituted benzenes,

including distyrylbenzenés is well documented?-?1 The large
dipole moment for the Sstate ofmla indicates that it also

possesses a significant extent of ICT component. It is interesting

to note that the absorption maximum for the-S S; band is at
a shorter wavelength fanlavs pla(e.g., 329 vs 332 nm in

segments in meta-conjugated systems can be very different in
the ground vs excited states. It is often small in the ground state
but is greatly enhanced in the electronically excited stites.
To this end, it appears that in the ground-state aminostilbenes
mla—milf already have significant electronic interactions
en the amino and the stilbene groups. This might be
associated with the amino nitrogen that participates in prominent
|CT_21,26

Aminostilbenesnla—m1f are expected to exist as mixtures
of conformers as a consequence of rotation about the styrenyl
phenyl C-C and/or amine-stilbenyl C-N single bonds.
However, previous conformational studiesmia, mlb, plc,
pld, andplf have suggested that the conformers in these species
have similar absorption and fluorescence spetetfalhe same

hexane), but the opposite trend was found for the fluorescencecnclusion could apply to the casesroic—mlf, on the basis

maximum (e.g., 387 vs 380 nm in hexane), leading to
comparable energies for the<0) transitions (e.g., 356 vs 354
nm in hexaney¥.In other words, the decrease of theeergy

by the configuration interaction-induced excited-state splitting
in mla is similar in magnitude to that by the mesomeric
interactions irpla. Despite the low fluorescence rate constants,
mla displays high fluorescence quantum yields. This is at-
tributed to the inefficient nonradiative decays of the singlet
photoisomerization reaction and the S T; intersystem

of the similar values ofAvy; (Table 1), the independence of
fluorescence spectra on excitation wavelerfgtimd the single-
exponential fluorescence decays in all cases.

The photoisomerization quantum yield forl increases at
the expense of the fluorescence yield (% + 2P ~ 1.0 for
mla—m1f) with N-phenyl and/orN-methyl substitutions, a
phenomenon different from the case of the para isomers. Since
mlaundergoes photoisomerization via the triplet state due to a
high torsional barrier ant-phenyl substitutions should further

crossing. The former is nearly inhibited due to the presence of raise the barrie?,? we expect thamlb—mif also possess a

a high torsional barrierX7 kcal/mol), and the latter conforms
to the Ly nature of $ and accounts for the low photoisomer-
ization quantum yields (i.ePisc ~ 2dy).°

The introduction oN-phenyl groups irZlaresults in a red
shift of the $ — S; band along with a reduction in the oscillator

high barrier for the singlet photoisomerization. This expectation
is indeed consistent with the slight temperature dependence of
the fluorescence intensity fonlc andmleas well as fomla

and ple (Figure 5). Accordingly, the double-bond torsional
relaxation in $ is negligible, and the observed photoisomer-

strength (Table 1). In contrast, the maxima of the more intense ization reactions should take place in the triplet state. The
absorption bands near 300 nm are either unchanged or bluequantum yields and rate constants for intersystem crossing could
shifted (Figure 2a). As a result, the energy gap between the S in turn be estimated from the photoisomerization or fluorescence

state and the more allowed upper excited states become largeguantum yields (i.e.Pisc ~ 2@ ~ (1 — Py) andkisc =~ Pisd

on going frommlato mlcto mle This might lead to a smaller
degree of intensity borrowing (8t 4/'L, mixing) for the $ —

S; transition, which accounts for the decrease in oscillator
strength along the series. Likewise, the-SS; optical transition

77). It should be noted that the increasedn. on going from
mlato mlc to mle results not only from an increase kf.
but also from a decrease &f (Table 3). The latter could be
mainly attributed to a larger splitting of,$hat leads to a larger

becomes less allowed, corresponding to lower fluorescence rate'L, character (vide supra). However, factors that could affect

constants (Table 3). Nonetheless, the dipole momentjof S

the values okisc amongmla—mlf are manifold: (a) The optical

continues to increase (Table 2), as is the case of the paratransition probability: An increase of tH&, character for the

isomers? indicating that the ICT process is not affected. While
the extent of spectral shift induced blyphenyl substitutions is
smaller for the meta than for the para derivatives in both
absorption and fluorescena@lc—m1f possess a value dbo
similar to the corresponding para isompfis—p1f, resembling
the pairs ofmla and pla. We can thus conclude that the
stabilization of $ for mlaandplaby N-phenyl substituents is
similar in magnitude.

When compared with its effect gala, N-methyl substituents
appear to cause a larger stabilization @ff& mla (Table 1).
We previously reported thatlb andplc have similar values
of dabs Af, @anddgp in Nnonpolar hexane solvent, indicating that
the hyperconjugation interactions of the dimethylamino group
are comparable to the-conjugation interactions of the anilino
group with the stilbene fluorophoté.However, the values of
Aabs Af, andAgp are all larger fom1b than formlc, indicating

S, state of aromatic species could redligeas well ask.'” (b)

The S—T; energy gap: A decrease of the &ergy may lead

to a decrease in the; STy gap?’ which might increase the
Franck-Condon integral between the two states and thus the
values ofkis.578 (c) The degree of ICT character for:SAn
increase ofksc for N-alkylated anilines vs the parent aniline
has been correlated with the increased ICT character 8% S
(d) The number oN-phenyl groups: It is known that the phenyl
C—H stretching modes play an important role in the-S T,
intersystem crossing for anilin€%,so an increase of the
N-phenyl group might increades. Indeed, the quantum yield
for intersystem crossing also increases on going from aniline
to diphenylamine to triphenylamirf.Since the factors bd

are expected to affect the para derivatipéa—p1f to a similar
extent, the difference ikisc betweenrmla—mlf andpla—pif
should be due to their difference in factor a. This in turn leads
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to the conclusion thapla—plf should have larger values of 038 s
ksc than the corresponding meta isomers. This is indeed 0.8+ 7 A meta
supported by the comparison ofle andple (e.g., 1.2x 10° 0.7 7

s1vs 3x 108 s 1in cyclohexane). In addition, this conclusion 0.6 7
also indicates that the triplet mechanism should not be neglected 0.5
in accounting for the photoisomerization reactionpic and
pld.

The dependence @b; on solvent formla—mif also results
from solvent-dependent valuesl@tindk,,, namely k: is smaller
andk, is larger in more polar solvents. According to the above
discussion, the former could be attributed to a larger stabilization
of S; in more polar solvents and the latter to a reinforcement
of factors a-c. It is interesting to note that the solvent effect
on ®; is more significant for then- vs p-aminostilbenes. Since
the variation ink; on going from cyclohexane to acetonitrile is
similar in magnitude for both isomet&the larger solvent effect
on & for the meta isomers should mainly arise from the change
in kar. Since the main nonradiative decay channelpfba—p1f
andmla—mlf have been attributed to the singlet and the triplet
photoisomerization reaction, respectively, it appears that inter-
system crossing is more sensitive to the solvent polarity than
singlet torsional relaxation for aminostilbenes.

A blue shift of the fluorescence spectra upon raising the ~ The “m-amino conjugation effect” on the excited-state
temperature fom1b, mic, andmleis similar to the case of behavior oftrans-3-aminostilbene was investigated based on
ple, which has been attributed to a change in molecular compound seriem1 andm2. When compared with the amino

geometry. Indeed, it has been suggested that meta-conjugate§onjugation effect on the para isomepd &—p1f),%** the most
systems have a less planar geometry than the para isomers iPparent difference is the opposite trend of fluorescence
the S statel”-31 This might reflect the absence of well-resolved "€SPonse, namely, the qu_or(_ascence_ls_ substantla_lly enhanced for
vibrational bands fom1 even in nonpolar cyclohexane solvent P1auponN-phenyl substitution, but it is reduced in the case of
(Figure 4). In addition, temperature-dependertf torsional _mla(Flgurg 7). Th|s_can be attributed to the inherent differences
motions that lead to spectral shifts have been observekfus in electronic dynamics betweenlaandpla For the fluores-
stilbene®? As such, the amplitude of torsional motion about the C€nce decay, the;S~ S, optical transition is less allowed for
planar equilibrium geometry and in turn the degree of config- M1aand becomes more forbidden upiphenyl substitutions.
uration interactions in Sfor mla—m1f might vary to some _In contrast, the quor(_escence decay rate constants are (_es_sentlally
extent in response to the change of temperature. At lower identical forpla—pl_fmthe same solvgr%f:l_:or the nor_1rad|a_t|ve
temperatures, these aminostilbenes might be more planar withdecay, the = T intersystem crossing is predominant in the

a larger ICT character, corresponding to a red-shifted fluores- ¢@€ ofmla and becomes more efficient updd-phenyl
cence. This is supported by a larger temperature-induced spectrapubstitutions. Although intersystem crossing is also faster in
shift for m1 in MTHF vs MCH (Figure 5), because an ICT plc—pl_erelatwe topla, t_he increase in its contribution to the
state will have stronger interactions with more polar solvents. nonrad|at|ye decay of :Ss aqcompa_meq by a qoerSpond|ng
Besides the structural factor, the concomitant change in solventdecrease in the rate of photoisomerization. Suffice it to say that
polarizability and polarity upon changing the temperature should the “m-amino-conjugation effect” reinforces themamino

also play a part of role in the observed spectral sRift. effect” on reducingk by increasing thel character for $
and highlights thé\-phenyl-induced intersystem crossing from

the “amino-conjugation effect”. This study has provided new

insights not only into the excited-state behavior of substituted
trans-stilbenes but also into the position-dependent substituent
effects in molecular photochemistry.
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temperature in MTHF, in view of the fact that the polarity of
MTHF is similar to that of THF3 In addition, even when the
double-bond torsion in $Sis nonnegligible, it is still minor in
accounting for the nonradiative decay aff8r m1 in solutions.

Concluding Remarks

Compound series2 was investigated to determine the role
of the double-bond torsional motion in the decay efirtsm1.
Provided that there is a significant portion of photoisomerization
through the gstate inm1, it would be inhibited irm2, leading
to a larger value ofb; and smaller temperature dependence of
fluorescence intensity fan2 vs m1. However, this rationale is
valid only if m1 andm2 have an $state of similar electronic
characters, which is not really true in terms of their ICT Materials. trans-3-Aminostilbenesnlc—m1f were prepared
properties. Thus, the similarity P for m1 and m2 in by palladium-catalyzed amination reactions betw&ans-3-
cyclohexane but not in THF, dichloromethane, and acetonitrile bromostilbene and the corresponding commercially available
(Table 3 and Figure 6) could have two possible explanations: arylamines. Typical procedures have been previously reported
(1) The singlet photoisomerization fanl is negligible in for the synthesis of the para isomgrsc—p1f.° The synthesis
cyclohexane but occurring in solvents more polar than cyclo- of double-bond constrained analogm$a—m2c andm2ealso
hexane. (2) The difference ib; betweerm1 andmz2 is simply followed the same strategy as has been reportegZar-p2c
due to their different rates in intersystem crossing, which is andp2e!! All new compounds were characterizedyNMR,
solvent dependent. The second explanation can be understood®C NMR, MS, IR, and/or elemental analysis. These data are
based on the greatélr, character, smaller;ST; energy gap, provided as Supporting Information. Solvents for spectra and
and more prominent ICT (i.e., factors-a in the previous quantum yield measurements all were HPLC grade (TEDIA)
discussion section) for the, State ofm1 vs m2. On the other and used as received.
hand, the first explanation might have difficulties to explain Methods. Electronic spectra were recorded at room temper-
the little dependence of the fluorescence intensitymdf on ature. UV spectra were measured on a Jasco V-530 double-

Experimental Section
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beam spectrophotometer. Fluorescence spectra were recorded (3) (a) Saltiel, J.; Megarity, E. D.; Kneipp, K. G. Am. Chem. Soc.
on a PTI QuantaMaster C-60 spectrofluorometer and corrected1966 88, 2336-2338. (b) Saltiel, JJ. Am. Chem. S04.967, 89, 1036~
for nonlinearity in the response of the detector. The optical " (4) saltiel, J.; Marinari, A; Chang, D. W.-L.; Mitchener, J. C.:
density of all solutions was about 0.1 at the wavelength of Megarity, E. D.J. Am. Chem. Sod.979 101, 2982-2996.

excitation. It should be noted that, unlike the uncorrected spectra___(5) Lewis, F. D.; Yang, J.-SJ. Am. Chem. Sod 997 119, 3834~
previously reported in refs 9 and 11, the fluorescence spectra (6) Lewis, F. D.. Kalgutkar, R. S.. Yang, J.-8.Am. Chem. S0999
reported herein have been corrected for the response of thei21, 12045-12053.

detector. The fluorescence spectra at other temperature were (7) Lewis, F. D.; Weigel, W.J. Phys. Chem. 200Q 104 8146~

measured in an Oxford OptistatDN cryostat with an ITC502
temperature controller. A Noubbled solution of phenanthrene
(®f = 0.13 in cyclohexanéj was used as a standard for the
fluorescence quantum vyield determinations of aminostilbene
under N-bubbled conditions with solvent refractive index
correction. An error of£10% is estimated for the fluorescence

8153.

(8) Lewis, F. D.; Weigel, W.; Zuo, XJ. Phys. Chem. £001, 105,
4691-4696.

(9) Yang, J.-S.; Chiou, S.-Y.; Liau, K.-LJ. Am. Chem. So2002

g 124, 2518-2527.

(10) Yang, J.-S.; Liau, K.-L.; Wang, C.-M.; Hwang, C.-Y.Am. Chem.
S0c.2004 126, 12325-12335.
(11) Yang, J.-S.; Wagn, C.-M.; Hwang, C.-Y.; Liau, K.-L.; Chiou, S.-

guantum yields. Fluorescence decays were measured at roonY. Photochem. Photobiol. S2003 2, 1225-1231.

temperature by means of a PTI Timemaster apparatus with a
gated hydrogen arc lamp using a scatter solution to profile the

(12) (a) Zimmerman, H. EJ. Am. Chem. S0d.995 117, 8988-8991.
b) Zimmerman, H. EJ. Phys. Chem. A998 102, 5616-5621.
(13) Tomonari, M.; Ookubo, NChem. Phys. Let2003 376, 504—

instrument response function. The goodness of nonlinear least-514.

squares fit was judged by the reducgtivalue (<1.2 in all

cases), the randomness of the residuals, and the autocorrelatiog’

(14) (a) Gaab, K. M.; Thompson, A. L.; Xu, J.; Martinez, T. J.; Bardeen,
J.J. Am. Chem. So2003 125 9288-9289. (b) Thompson, A. L.; Gaab,
M.; Xu, J.; Bardeen, C. J.; Martinez, T.J. Phys. Chem. 2004 108

function. Quantum yields of photoisomerization were measured 671-682.

on optically dense degassed solutionsl(—2 M) at 313 nm
using a 75-W Xe arc lamp and monochromateoains-Stilbene
was used as a reference standabg & 0.50 in hexane¥® The
extent of photoisomerization<(l0%) was determined using

HPLC analysis (Waters 600 Controller and 996 photodiode array
detector, Thermo APS-2 Hypersil, heptane and ethyl acetate

(15) Melinger, J. S.; Pan, Y.; Kleiman, V. D.; Peng, Z.; Davis, B. L.;
McMorrow D.; Lu, M. J. Am. Chem. So@002 124, 12002-12012.

(16) Nakano, M.; Takahata, M.; Yamada, S.; Yamaguchi, K.; Kishi, R.;
Nitta, T.J. Chem. Phys2004 120, 2359-2367.

(17) (a) Nijegorodov, N. I.; Downey, W. S.; Danailov, M. Bpectro-
chim. Acta, A200Q 56, 783—-795. (b) Mabbs, R.; Nijegorodov, N.; Downey,
W. S. Spectrochim. Acta, 2003 59, 1329-1339.

(18) (a) Halim, M.; Pillow, J. N. G.; Samuel, D. W.; Burn, P. Adv.

mixed solvent) without back-reaction corrections. The reproduc- Mater. 1999 11, 371-374. (b) Dez-Barra, E.; GafarMartnez, J. C,;

ibility error was <10% of the average. MOPAC-AM1 and
INDO/S—CIS—SCF (ZINDO) calculations were performed on

Merino, S.; del Rey, R.; Rotyuez-Lpez, J.; Sachez-VerduP.; Tejeda,
J.J. Org. Chem2001, 66, 5664-5670. (c) Tammer, M.; Horsburgh, L.;
Monkman, A. P.; Brown, W.; Burrows, H. DAdv. Funct. Mater.2002

a personal computer using the algorithms supplied by the 12, 447-454. (d) Pogantsch, A.; Mahler, A. K.; Hayn, G.; Saf, R.; Stelzer,
package of Quantum CAChe Release 3.2, a product of Fujitsu Egll-lsh E.J. W, Bfeas, J.-L.; Zojer, EChem. Phys2004 297, 143~

Limited.
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