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Abstract: The ground-state and the excited-state spectroscopic properties of four series of polymethylene-linked
anthracenedialkylaniline bichromophores were compared as a probe to the relationship between energetics and
distance in photoinduced electron transfer (PET). The results demonstrate that, when the energy level of the charge-
transfer (CT) state is lowered below that of the localized excited state by appropriate substituents, there is a strong
electron-donor—acceptor (EDA) interaction in the ground state which is absent in other bichromophores. Absorption
and fluorescence excitation studies revealed that there is an unusually strong EDA interaction in the ground state of
A-2 which is absent in other members in theseries. WherA-2 is excited directly into this EDA absorption, it
exhibits two CT emissions, one at 490 nm and the other at 605 nm. The quantumgyieldd the lifetime ¢x)

of the two emissions are dependent on the viscosity of the alkane solvenib;Hmel ther; of the 490 nm emission
increased when the solvent viscosity was increased; however, those of the 605 nm emission remained essentially
unchanged. The risetime of the 605 nm emission is 420 ps, but that of the 490 nm emission is instrument-function
limiting. The results suggest that the two CT emissions may be derived from the two different conformations of the
CT state. The 490 nm emission may be derived from the trans confornfepfvhich is the major conformer at
equilibrium. The EDA interaction in the trans conformere? may be treated as a type of througtsond interaction

via the spacer between the n orbital of the anilino nitrogen and thbital of the anthryl group. The direct excitation

of A-2 from its EDA ground state to the CT state indicates that PET may occus-linged bichromophoric system

upon light absorption, thus reaching the limiting rate of a photochemical process.

Photoinduced electron transfer (PET) of organic compounds Weller and his co-workers have made pioneering and
converts light energy into a chemical potential. It is the continuing contributions on intermolecular PET and PET in
fundamental process in many photochemical and photobiological bichromophoric systenfs.Notable contributions in this area
processes. Since the back electron transfer from the radical have been made in the laboratories of GustatagaS Verho-
ions generated in PET is a thermodynamically favorable process,even’ Paddon-Rov#, WasielewskP and other scientists.
the efficiency of PET depends on both the rate of PET and the  The polymethylene-linked anthryialkylanilino brichro-
rate of back-electron transfer. Therefore, for an efficient PET mophoric systemsD and E, are among the most intensively
to occur, the rate of PET must be fast while the rate of the studied systems in photochemistry. Due to the flexibility of the
back electron transfer from radical ion products must be slow polymethylene linkage, the localized excited state (LE) anthryl
(eq 1). Contributions by Closs and Milkeshowed that the rates  group may interact with the anilino donor after suitable

PET ot o conformational changes to form the charge-transfer (CT) state,
D—(CH,),~A D" —(CH,),—A 1) which may decay with a red-shifted CT emission (Figure 1).

of electron transfer in the ground statefinked bichromo- Verk(;oer:/éan rarl1r|]r(|j igladdon-l'\;o;]/v StUdie?n ﬂ::ﬁ kIIDrEr-lr; inh rir?idly
phoric systems vary with the free energy change of the process.SpaCe and semirigidly spaced naphtranino bichromophoric

The rate increases as the free energy becomes more favorabl83/":’te.m§’8 They demonstrate(_j that, _under favorab_le energe'qc
until it reaches a maximum. Beyond this point, the rate begins condmons_, PET may occur N their systems prior to th_elr
to decrease as the free energy change becomes more favorablgpnformatlonal changes to yield a radical ion pair which
a theoretical prediction made by Maréusnd known as the (4) Weller, A.; Staerk, H.; Treichel, RFaraday DiscussChem Soc
“inverted region” of rate dependence on the free energy changel984 79, 271-278. Staerk, H.; Kuhnle, W.; Mitzkus, R.; Treichel, R.;

B R i Weller, A. In Ultrafast PhenomengrAston, D. H., Eisenthal, K. B., Eds.;
in chemical reactions. Therefore, the rate of back electron Springer-Verlag: New York, 1984; Vol IV, pp 38(82.

transfer may be controlled by varying the free energy change 5y Gust, D.; et alTetrahedror1989 45, 4867-4891. Gust, D.; Moore,
of the transfer. It has been suggested that, in contrast to theT. A. In Photoinduced Electron Transtevlattay, J., Ed.; Topics in Current

ground-state electron transfers, there is a lack of Marcus invertedChemistry 159; Springer-Verlag: New York, 1991; Vol. Ill 16551.
(6) Mataga, N.; Nishikawa, S.; Asahi, T.; Mataga, N.Phys Chem

region in PET, or charge separation (CS). 1990 94, 1443-1447. Okada, T.; Migita, M.; Mataga, N.; Sakata, Y.;
T National Science Foundation Undergraduate Research Participant, 1994 Misumi, S.J. Am Chem Soc 1981, 103 4715-4720. Okada, T.; Saito,
+0On leave from the Charles University, Prague, Czech Republic. T.; Mataga, N.; Sakata, Y.; Misumi, 8ull. Chem Soc Jpn 1977, 331~

® Abstract published irAdvance ACS AbstractSeptember 15, 1996. 336. Masaki, S.; Okada, T.; Mataga, N.; Sakata, Y.; MisumB@. Chem
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Polymethylene-Linked Bichromophores
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A series: X=CN, Y =0OCHs, n=1-4 E series: Ar = 9-anthryl or
B series: X=CN, Y =H, n=1-4 1-pyrenyl, n=1-16

C series: X=H,Y=0CH3, n=1-4

D series: X=Y=H,n=1-4

undergoes “harpooning” via Coulombic interaction to form the
product’! Wasielewski, Yang, and co-workers studied a rigidly
spaced anthrytdimethylanilino system and demonstrated the
ionic character of the emissive product from PET in their
systemt!

The polymethylene-linked anthrytialkylanilino bichromo-
phoric system®A—D offer many advantages for the study of
intramolecular PET: (i) the free energy change in PET may be
varied over a wide range (relative B9 by the introduction
of substituents into either or both of its chromophofesi)
the anthryl group is the simplest aromatic system having a low-

lying L, excited state with a more intense absorption and a larger hv,, ,

substituent effect than the low-lying, Istate in other common
aromatic system¥ (i) anthryl groups absorb light at a
wavelength substantially longer than that of the anilino donor
and may thus be excited selectively; (iv) the conformation of
lower members of the homologous series may be readily
analyzed, and thus the conformation analysis will enable
scientists to understand not only the conformation of the ground
state of the substrates but also the conformation of radical ion
products'3

Recent studies on the PET in the polymethylene-linked
bichromophoric system€ andD in a supersonic jet indicate
that when the energy level of the CT statd®® is lowered by
substitution to approximately the same level as that of the LE
anthryl state, the ground state 6f2 may mix with the CT
state to form an electrerdonor-acceptor (EDA) complex
which may be photoexcited directly to the CT state; i.e.,
photoexcitation may become the rate-limiting step for PET
(Figure 1)!4 However, such mixing irC-2 was very weak.
This report deals with the photochemical and photophysical
behaviors of two polymethylene-linked bichromophoric systems.
Both systems contain a 10-cyano-9-anthryl acceptor, with one
containing a 4-methoxi-methylanilino donorA, and the other
containing a\N-methylanilino donorB. Cyano substituents are
known to increase the electron affinity (EA) of aromatic
compounds appreciably. Introduction of a cyano substituent
at the 9-position of anthracene is known to increase its EA by
0.67 eV and its Eyjpreq) in acetonitrile by 0.39 eV This
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Figure 1. (a, left) Schematic representation of PET of bichromophoric
systems involving conformational changes after initial excitation. (b,
right) Schematic representation of PET of bichromophoric systems
involving direct excitation of the EDA complex.

D

A

Ea2(0x) In acetonitrile, 0.59 eV¥¥ we estimated thaf-2 may
undergo PET over a distance of 5.4 A in the gas phase and in
alkanes (egs 2 and 3).This value is appreciably longer than

Voo > €[IP(D) — EA(A)] — €r 2)
> e[E1/p0x(D) — Eagreaf )] —
&leR, — (5 — Le)Ir (3)

the distance between the anilino N and the edge of the anthryl
group (4.0 A) ofA-2 in the trans conformation and is somewnhat
higher than the distance between anilino N and the center of
the anthryl group in the same conformation (5.3 A).

Experimental Section

General Procedures. 9-(w-Bromoalkyl)anthracenes were synthe-
sized by known method®8,and were converted into @¢bromoalkyl)-
10-cyanoanthracenes by the direct cyanation using chlorosulfonyl
isocyanate (reaction 4}.Compoundsl and2 were synthesized from

CH,),Br (CH,),Br
Chlorosulfonyl
(4)
Isocyame
X
CH{ CH;—N
CHZ) Br N X \§CH2)n
OOO SOO
K,CO;, CH;CN
X=H, OCH, N

increase would enhance the mixing between the ground statéine gisplacement of the corresponding bromide by eittenethyl-

and the CT state iA-2 and would also extend the range of its
PET.

Using the following literature values of ionization potential
(IP) of 4-methoxyN,N-dimethylaniline, 7.22 eV¥/ and of its

(11) Wasielewski, M. R.; Minsek, D. W.; Niemczyk, M. P.; Svec, W.
A.; Yang, N. C.J. Am Chem Soc 199Q 112 2823-2824.

(12) Platt, J. RJ. Chem Phys 1949 17, 484-495.

(13) For a discussion on the conformation of acyclic organic compounds,
see: Eliel, E. L.; Wilen, S. H.; Mander, L. Netereochemistry of Organic
CompoundsWiley-Interscience: New York, 1994; pp 59B56.

(14) van Dantzig, N. A.; Shou, H.; Alfano, J. C.; Yang, N. C.; Levy, D
H. J. Chem Phys 1994 100 7068-7078.

(15) Heinis, T.; Chowdhury, S.; Kebarle, ©rg. Mass Spectrom1993
28, 358-365.

(16) Parker, V. DJ. Am Chem Soc 1976 98, 98—-103. Eriksen, J.;
Foote, C. SJ. Phys Chem 1978 82, 2659-2652.

aniline or N-methylanisidine (reaction 5). All solvents used for the
synthesis were the HPLC grade from Aldrich and used as they were
received. THF was distilled from sodium benzophenone ketyl under
N, immediately before use. Melting points were taken on a Fisher-
Jones MP apparatus and were uncorrected. Proton NMR data were
obtained on a custom constructed DS-1000 500 MHz NMR spectrom-
eter. Carbon-13 NMR data were taken on a GE-300 NMR spectrometer
at 75 MHz. IR spectra were taken on a Nicolet 20SX FTIR
spectrometer. Mass spectra were taken on a VG mass spectrometer.

(17) Agarwal, U. P.; Jagannath, H.; Rao, D. R.; Rao, C. N.Rhem
Soc, Faraday Trans2 1977 73, 1020-1023.

(18) Rehm, D.; Weller, Alsr. J. Chem 197Q 8, 259-271.

(19) Weller, A.Z. Phy. Chem Neue Folgel982 133 93-98.

(20) Minsek, D. W. Ph.D. Thesis, University of Chicago, Chicago, IL,
1990.

(21) Dhar, D. N.; Murthy, K. S. KSynthesid986 437—449.
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UV —visible spectra were taken on a Perkin-Elmer Lambda-6 spec-
trometer. Elemental analysis were done by the Midwest Microlab,
Indianapolis, IN.

Fluorescence Studies All solvents used for the fluorescence studies
were spectrophotometric grade purchased from Aldrich and were

Zhang et al.

124.4, 116.5, 115.6, 113.9, 105.8, 54.9, 48.2, 36.7; LRMS (70 ev, El)
m/z (relative intensity, proposed ion) 352 (20,"M 217 (80, M™ —
CgH10NO), 136 (100, GH1o0NO™), 120 (80, GH1oN™). Anal. Calcd

for CosH20N2O: C, 81.8; H, 5.7; N, 8.0. Found C, 81.57; H, 5.57; N,
8.03.

checked by fluorescence spectroscopy to make sure that they contained 9-[2-(N-Methyl-N-phenylamino)ethyl]-10-cyanoanthracene (2B):

no fluorescent impurities before use. All steady-state fluorescence
spectra were measured at 221 °C on a Perkin-Elmer MPF-66
spectrofluorometer with an integrated electronic corrected spectra unit

mp 144-146°C; FTIR (KBr) 2210, 1599, 1507, 1349, 749 cin'H
NMR (CDCL) 6 8.45 (d, 2H), 8.33 (d, 2H), 7.70 (t, 2H), 7.60 (t, 2H),
7.33 (t, 2H), 6.83 (m, 3H), 3.98 (t, 2H), 3.83 (t, 2H), 2.90 (s, 3K

and a thermostatic sample compartment. Spectra were corrected beloWNMR (CDCls) 6 133.8, 130.2, 130.0, 129.2, 127.4, 127.1, 125.5, 118.6,

but not above 600 nm, which is the limit of the dye fluorescence.
Wavelength resolution was determined by the excitation and emission
monochrometer slits, which were normally set at the same value.

117.7,113.2, 54.3, 39.3, 26.5; LRMS (70 ev, El} (relative intensity,
proposed ion) 336 (10, N, 120 (100, GH1oNT). Anal. Calcd for
CoHooN2: C, 85.7; H, 6.0; N, 8.3. Found C, 85.62; H, 5.96; N, 8.35.

The fluorescence quantum yields of the compounds were measured 9-[2-[N-(4-Methoxyphenyl)-N-methylamino]ethyl]-10-cyano-

by using 9-methylanthracene as the secondary standard (.36)??
A solution of 9-methylanthracene in methylcyclohexane was prepared
with the same absorbance (OB 0.1) as the samples at the—{D)

anthracene (2A): mp 132-133°C; IR (KBr) 2212, 1508, 1245, 756
cm; IH NMR (CDCl) 6 8.45 (d, 2H), 8.29 (d, 2H), 7.70 (t, 2H),
7.60 (t, 2H), 6.91 (d, 2H), 6.80 (d, 2H), 3.88 (t, 2H), 3.82 (s, 3H), 3.70

band of the anthryl chromophore absorption, and degassed for at leas(t, 2H), 2.90 (s, 3H)!*C NMR (CDCk) ¢ 133.8, 130.2, 130.0, 129.2,

five freeze-pump-thaw cycles. Their fluorescence spectra were

127.4,127.1, 125.5, 118.6, 117.7, 113.2, 54.3, 39.3, 26.5; LRMS (70

measured under the same operating conditions and settings. Quantun@v, El)m/z (relative intensity, proposed ion) 366 (5,323 (20, M
yields were determined by plotting the sample spectrum and the standard— CsHy), 150 (100, GH12NO*), 135 (37, GH13N ™), 120 (28, GH1oN™).

spectrum in wavenumbers (c#) with the same frequency and intensity

Anal. Calcd for GsH2,N,O: C, 82.0; H, 6.0; N, 7.7. Found C, 82.09;

scales and by comparing the area underneath the spectrum of the sampld, 6.05; N, 7.72.

with the standard by the “cut-and-weigh” method. When the fluores-
cence of compounds with low quantum efficiencies0(001) were

9-[3-(N-Phenyl-N-methylamino)propyl]-10-cyanoanthracene (3B):
mp 95-96 °C; FTIR (neat) 2211, 1599, 1443, 1372, 749 ¢émH

measured, it was often necessary to use another compound with a knowNMR (CDCls) 6 8.40 (d, 2H), 8.22 (d, 2H), 7.68 (t, 2H), 7.54 (t, 2H),

guantum yield comparable to the unknowns as a secondary standard
The spectra were then scanned-PO times to get the average in order
to improve the signal-to-noise ratio. When the spectra consisted of

7.22 (t, 2H), 6.78 (d, 2H), 6.72 (t, 2H), 3.70 (t, 2H), 3.60 (t, 2H), 3.02
(s, 3H), 2.12 (m, 2H)*C NMR (CDCE) 6 26.84, 29.58, 39.66, 53.61,
113.49, 117.48, 125.59, 126.97, 127.23, 129.11, 129.42, 130.05, 133.75,

overlapping fluorescence bands, they were plotted out and resolved by142.92; LRMS (Elywz (relative intensity, proposed ion) 350 (25, M
comparison with a model compound. Fluorescence excitation spectral46 (50, GoHi2N*), 120 (100, GH1oN*). Anal. Calcd for GsHzoNo2:

were measured by setting the emission wavelength at the maximum of
either the locally anthryl emission or the charge-transfer emission.
Fluorescence lifetimes were measured by using the time-correlated
single-photon-counting technique previously descritfed 295 nm
excitation pulse with fwhm of 810 ps is generated using a frequency-
doubled, cavity-dumped Rhodamine 6G dye laser, synchronously
pumped by an argon ion laser (Coherent Radiation), mode-locked at

C, 85.7; H, 6.3; N, 8.0. Found C, 85.49; H, 6.42; N, 8.15.
9-[3-[N-(4-Methoxyphenyl)-N-methylamino]propyl]-10-cyano-
anthracene, (3A): mp 113-114°C; FTIR (neat) 2213, 1511, 1443,
1345, 1179, 1048, 819, 759 cim *H NMR (CDCl) 6 8.40 (d, 2H),
8.20 (d, 2H), 7.64 (t, 2H), 7.56 (t, 2H), 6.84 (d, 2H), 6.80 (d, 2H),
3.78 (s, 3H), 3.64 (t, 2H), 3.48 (t, 2H), 2.96 (s, 3H), 2.04 (m, ZA;
NMR (CDCl) 6 152.9, 143.2, 133.7, 129.4, 129.1, 127.2, 127.0, 125.7,

514.5 nm. Sample fluorescence was monitored by a microchannel plate118.4, 116.2, 115.5, 56.5, 54.8, 40.6, 29.6, 26.9; LRMS (70 ev, El)

PMT (Hamamatsu R2809U) through a JY H20 monochromator (SA
Instruments) with an 8 nm band-pass and a W335 cutoff filter. The
instrument function was obtained by scattering the excitation light off
an aqueous suspension of nondairy creamer and had a fwhm of 50 ps
Decays were collected up to 10 000 counts at the peak channels with

m/z (relative intensity, proposed ion) 380 (65,"M 150 (100, GH12-
NO*). Anal. Calcd for GeH2aN20: C, 82.1; H, 6.3; N, 7.4. Found
C, 82.09; H, 6.33; N, 7.7.

. 9-[3-(N-Phenyl-N-methylamino)butyl]-10-cyanoanthracene (4B):
mp 138-139°C; FTIR (KBr) 2208 cm?; *H NMR (CDCls) 6 8.45

a duration of 25 ps/channel. The variable-temperature experiments were(d, 2H), 8.25 (d, 2H), 7.68 (t, 2H), 7.55 (t, 2H), 7.28 (m, 2H), 6.73 (m,

performed by using a Neslab RTEA thermostat.

Synthesis of 1A, 1B, 2A, 2B, 3A, 3B, 4A, and 4BTo a solution
of N-methylaniline or N-methylp-anisidine in CHCN was added
NaCO0;s (2.0 equiv) and 9-(bromoalkyl)-10-cyanoanthracene (1.0 equiv).
The mixture was kept under reflux for 24 h. The solvent was

3H), 3.70 (m, 2H), 3.45 (m, 2H), 2.95 (s, 3H), 1.88 (m, 4H); LRMS
(70 ev, El)m/z (relative intensity, proposed ion) 364 (25,"M 216
(15, GigH1oN™), 133 (100, GH13NT), 120 (80, GH1oN™). Anal. Calcd
for CyeHoaN2: C, 85.7; H, 6.6; N, 7.7. Found C, 85.64; H, 6.55; N,
7.73.

evaporated under reduced pressure. The mixture was purified by flash ~ 9-[3-[N-(4-Methoxyphenyl)-N-methylamino]butyl]-10-cyano-

column chromatography over silica (hexar@H,Cl,) and by recrys-
tallization from methanol to yield A, 1B, 2A, 2B, 3A, 3B, 4A, and
4B (60%—80%).

9-[(N-Methyl- N-phenylamino)methyl]-10-cyanoanthracene (1B):
mp 214-215°C; FTIR (KBr) 2210 cn1t; *H NMR (CDCl3) 6 8.48
(d, 2H), 8.35 (d, 2H), 7.70 (t, 2H), 7.60 (t, 2H), 7.40 (t, 2H), 7.10 (d,
2H), 6.93 (t, 1H), 5.30 (s, 2H), 2.58 (s, 3HYC NMR (CDCE) 6 149.5,
135.3, 131.9, 129.7, 128.6, 127.7, 126.3, 125.3, 124.3, 117.3, 116.4,
112.7, 106.0, 46.4, 34.5; LRMS (70 ev, Hfyz (relative intensity,
proposed ion) 322 (20, ¥), 216 (100, M — C/HgN). Anal. Calcd
for CosHigN2: C, 86.7; H, 5.6; N, 8.7. Found: C, 85.43; H, 5.59; N,
8.86.

9-[[N-(4-Methoxyphenyl)-N-methylamino]methyl]-10-cyano-
anthracene (1A):mp 207-209°C; FTIR (KBr) 2209 cn%; *H NMR
(CDCls) ¢ 8.48 (d, 2H), 8.43 (d, 2H), 7.70 (t, 2H), 7.58 (t, 2H), 7.05
(d, 2H), 6.93 (d, 2H), 5.20 (s, 2H), 3.85 (s, 3H), 2.58 (s, 3HE
NMR (CDCl;) 6 152.3, 144.5, 135.8, 131.9, 129.7, 127.6, 126.1, 125.2,

(22) Rice, J. A.,; McDonald, D. B.; Ng, L.-K.; Yang, N. Q. Chem
Phys 198Q 73, 4144-4146.

(23) Chang, M. C.; Courtney, S. H.; Cross, A. J.; Gulloty, R. J.; Petrich,
J. W.; Fleming, G. RAnal. Instrum 1985 14, 433-464.

anthracene (4A): mp 98-99 °C; FTIR (KBr) 2206 cnt?; 'H NMR
(CDCl) 0 8.45 (d, 2H), 8.25 (d, 2H), 7.68 (t, 2H), 7.55 (t, 2H), 6.83
(d, 2H), 6.73 (d, 2H), 3.80 (s, 3H), 3.65 (m, 2H), 3.30 (m, 2H), 2.88
(s, 3H), 1.88 (m, 4H); LRMS (70 ev, Eljz (relative intensity,
proposed ion) 394 (35, M), 163 (100, GoH13NO™), 150 (80, GH1z-
NO*). Anal. Calcd for GHHxeN,O: C, 82.2; H, 7.0; N, 7.1. Found
C, 81.1; H, 6.59; N, 7.17.

Results

a. Synthesis. We encountered considerable experimental
difficulties in introducing a 10-cyano substituent into 9-alkyl-
anthracene and their derivatives. Our original attempts to
dehydrate the corresponding 9-carboxamide were found to be
wanting due to difficulty in the synthesis of the amides and
their low solubility. The synthesis was eventually achieved by
the direct cyanation of 9-(haloalkyl)anthracene using chloro-
sulfuryl isocyanaté followed by amination. All four members
of homologs in bothA andB series were thus synthesized.

b. Absorption Spectra of Compounds in A and B. The
10-cyano substituent iA andB causes a red-shift in the anthryl
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Table 1. Spectroscopic Properties of Bichromophores in Alkanes

absorption LE emission CT emission(s) 2u%/hcd
compd solvent 0-0 (nm) 0-0 (nm) P 2 max (nm) Dcr? (103 cm™yP
A-1 mchf 406+ 1 4164 2 0.015 nd
hexadecane 40F 1 418+ 2 0.02 nd
B-1 mch 406+ 1 41442 0.011 nd
C-19 mch 386+ 1 388+ 2 0.014 nd —-12.44+1.3
D-19 mch 386+ 1 388+ 2 0.052 nd —11.6+ 0.7
A-2 pentane 40% 1 412+ 2 0.001 485+ 2 0.001
600+ 2 0.005 —49+0.5
mch 407+ 1 4154+ 2 0.001 486t 2 0.001
605+ 2 0.005
hexadecane 408 1" 41642 0.004 492+ 2 0.004
607+ 2 0.005
B-2 mch 408+ 1 4144+ 2 0.02 516+ 2 0.15 —16.1+ 0.8
C-29 mch 388+ 1 390+ 1 0.05 522+ 2 0.73 —11.4+0.3
D-2¢ mch 388+ 1 390+ 1 0.08 448+ 2 0.56 —151+ 0.4
A-3 mch 410+ 1 414+ 2 0.002 610+ 2 0.003 —49+0.5
B-3 mch 410+ 1 418+ 2 0.03 555+ 2 0.17 —9.3+0.6
C-3¢ mch 389+ 1 391+1 0.01 530+ 2 0.41 —10.5+ 2.1
D-3¢9 mch 389+ 1 391+1 0.08 487+ 2 0.41 —-7.6+1.0
A-4 mch 409+ 1 417+ 2 0.012 612+ 2 0.02 —5.3+0.6
B-4 mch 408+ 1 4174+ 2 0.18 541+ 2 0.45 —16.1+ 0.8
C-49 mch 389+ 1 391+1 0.05 525+ 2 0.12 —-8.2+2.0
D-49 mch 389+ 1 391+ 1 0.35 470+ 2 0.15 —-9.8+£2.0

aRange of uncertainty;:10%; +20% for ® <0.01.° The slope of the LippertMataga plot ofVmax of CT emissions vsf — 0.5 f'.
¢ Methylcyclohexaned Not detected in all solvent§.Not detected in alkane§The slope of the Lippert plot was from solvents more polar than
alkanesg Values from ref 14" From excitation.

absorption (6-0 band) from 387 2 nm inC andD to 408+ 10T A
2 nm (Table 1). With minor variationsA-1, A-3, and A-4
exhibit an absorption spectrum which is not substantially ¢.g
different from that of the model compound, 10-methyl-9-
cyanoanthracene (MCNA). However, the absorption spectrum
of A-2 appears to be the composite of a red-shifted broad 06T
featureless band superimposed on a weaker structured anthryl 4
absorption. The red-shifted featureless band suggests that therep.4
may be a strong EDA-type of interaction in the ground state
(Figure 2). A similar but weaker EDA-type of interaction is
noted in the absorption spectrum Bf2 but not in the other
members of th® series. Although the fine structure of anthryl

absorption may still be discerned in the specturnBei, its 0.0 |
0—0 band is red-shifted to 418 nm (Figure 2). These features 300 350 400 450 NM 500
suggest that the absorption spectrum is also a composite of an |

anthryl absorption and an EDA-type of absorption. 1 B

The absorption in the 326840 nm region is due to that

p-anisidino group. 089
c. Fluorescence Studies. i. General Observationsln [
contrast to the negligible Stoke’s shift in anthracenes, the 06+ '
presence of the 10-cyano groupAnandB causes a red-shift sl
of the 0—-0 band in the LE fluorescence in methylcyclohexane I

of C andD from 390+ 2 nm to 416+ 2 nm, a Stoke’s shift °41

of 470 £ 70 cntl, while its fine structure is maintained. A L

similar Stoke’s shift of 415 cm is noted in the model 029

compound MCNA. The absorption spectrum of MCNA un- N

dergoes a minor red-shift of 2 nm when the solvent was changed [ . . . ——— '

from alkanes to methanol, but the fluorescence spectrun® (0 300 3850 400 450 NV 500

band) undergoes a large red-shift from 414 to 434 nm. Theserigyre 2. (A) UV —visible absorption spectra @-1, A-2, A-3, and

observations suggest that the excited state of cyanoanthryla.4 in methylcyclohexane. (B) U¥visible absorption spectra @2

derivatives exhibit a substantial charge-transfer character with andB-2 in methylcyclohexane.

a dipole extending from the anthryl ring to the cyano group

which causes both the Stoke’s shift and the large red-shift of and the high EA of its acceptor. The spectral data collected

the fluorescence in polar solvents. from our fluorometer at>600 nm are uncorrected, and the
The slopes of LippertMataga plots of the CT fluorescence sensitivity of our photomultiplier drops off sharply at longer

of all compounds appear to be “normal”, i.e., within the range wavelengths. Therefore, an uncorrected fluorescence spectrum

of —(7—14) x 10° cm™1, excepting those in tha series. The will appear to be blue-shifted relative to a corrected spectrum

Lippert—Mataga plots ofA-2, A-3, andA-4 exhibit the lowest at longer wavelength. Since CT fluorescencé\et, A-3, and

slope of~—5 x 10® cm™! in spite of the low IP of its donor  A-4 occurs at~600 nm and only in nonpolar solvents, i.e., only

N
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in alkanes and ethers, the anomalously low slopes of their L
Lippert—Mataga plots may also be the result of an artifact of
our instrument function. The results are tabulated in Table 1.

Discussion

We carried out a systematic study on the relationship between 1 |
PET and its free energy changes using polymethylene-linked I
anthrykdialkylanilino bichromophoric systems. Since the
linkages in our compounds are relatively short 1—4), the
number of conformers involved is limited. In our recent study
in the gas phase, we detected an EDA complegi which
may be directly excited into the CT state. In our current study, 300 350 400 450 NM 500
the cyano substituent seem to cause a dramatic effect in theFigure 3. Fluorescence excitation spectra &f2 in methylcyclo-
excited-state properties @2, as well as lesser effects Br2 hexane: (heavy line) monitored at 442 nm an¢) Monitored at 605
andA-3, but no substantial effects in the excited-state properties nm. Also shown is the UVvisible absorption spectrum @%-2 in
of other compounds in our current study. methylcyclohexane (- - -).

a. Compounds A-1 and B-1. In general, the 10-cyano b. Compound A-2. i. Absorption Spectra and Ground-
group in the anthryl acceptor appears to have a larger effectState Interactions. LE Absorption. When the excitation
than that of the 4-methoxy group in the anilino donor. The spectrum was monitored at the LE emission maximum1(0
presence of the 4-methoxy group@il does not seem to have  band, 440 nm)pnly a structured anthryl absorption spectrum
a major effect on its CT emission; i.e., lik@-1, it does not was obtained (Figure 3). This observation suggests that the
exhibit CT emission from alkane solvents but still exhibits CT structured emission is the LE emission.
emissions in more polar solvents (Table 1). The presence of The relative proportions of various conformers at the equi-
the 10-cyano substituent iA-1 and B-1 causes their CT  librium cannot be measured by the direct method. The
emissions to disappear entirely, even in the more polar solvents.proportions of the LE and CT conformers were estimated by
This may be attributed to the enhanced ionic character of the comparing the fluorescence excitation spectra monitored at the
CT state by the polar cyano group. The enhanced ionic maximum of LE emission, 440 nm, and at the maximum of a
character may lead to the more rapid nonradiative decay of theCT emission, 605 nm (Figure 3) in the corrected mode of our

CT state (vide infra). spectrofluorometer. Assuming all conformers have similar
The electronic transition spectrum @-1 or B-1 is not oscillator strength in their electronic transitions, the LE emission

appreciably different from their homologs with either a tri- is derived from a minor conformer which comprises~e25%

methylene or tetramethylene spacer (see Figure Phis of A-2 at the equilibrium.

obsewation indicates that there is no strong-B\ interaction EDA Absorption. As shown in Figure 2, the electronic

through the monomethylene spacer in the ground st&en- transition spectra ofA-2 is substantially different from that of

tributions from Weller'é and Mataga’s laboratories showed  the model compound MCNA. We attempted to study the
that related bichromophorid—A systemsE-1 do not exhibit ~ possible EDA interaction between tileand theA groups by

CT emissions in nonpolar solvents in spite of the relatively short measuring the absorption spectrum of a model system of MCNA
distance between the Chromophores_ However,qphef the and 2 MN,N-dimethyIanisidine in methylcyclohexane and found
LE emission is greatly attenuated. We notice that there is a the spectrum to be identical to the mixture of MCNA ax-
severe restriction on the rotation of the AGH bond by the dimethylanisidine, i.e., we detected no intermolecular EDA
perihydrogens of anthryl group at the 1- and the 8-positions. complex under this condition. The fluorescence excitation
The rotational barrier of this bond -2 has been estimated to ~ spectra ofA-2 in alkanes monitored at the maximum of either
be 2.8-3.5 kcal/mol (vide infra). This restriction iA-1 appears ~ one of the two CT emissions are, within experimental error,
to be more severe than those in the higher homologs due to theidentical to the absorption spectrum in the same solvent (Figure
proximity of the large anilino group to the anthracene ring. 3).- The slight broadening of the excitation spectra from the
Because of this restrictios,-1 may exist in two conformations, ~ absorption spectrum may be attributed to the wider slit width
the major conformation in which the anilino N is in the (5nm)used inthe excitation measurements. Both spectra have
proximity of the C-9 of anthracene, and the minor conformation the broad and featureless appearance of an EDA complex with
where the anilino N is in the proximity of the C-1 and C-8 of some minor structural features in the shorter wavelength region.
anthracene. It has been suggested by Chandross on a related The EDA interactions in polymethylene-linked bichromo-
system that such systems may undergo rapid photocyclizationphoric compounds were investigated by WHitand his co-

via the radical ion pair to give a metastable intermediateq workers and reviewed by Fostér.Since both the cis- and the

5) which reverts back -1 in a nonradiative proce€s. This  trans-1,2-disubstituted cyclopentanes containing appropriate
decay pathway would account for its excited-state behavior, donor and acceptor groups exhibit EDA interactions, both the
while other nonradiative pathways such as intersystem crossingthrough-bond and the through-space interactions between the
may also take part in this process. However, we are unable tochromophores may play a role in intramolecular EDA complex
analyze the relative proportions of these two conformers either formations. The through-bond EDA interaction/Af2 will be

in the ground state or in the excited state. The spatial separatiorglaborated in the next section.

between the anilino N and the C-9 of the anthryl group in the ~ The donor and the acceptor &2 are linked by threes
minor conformation prevents their chemical interaction to form bonds, CG-C—C—N, and may exist in a number of staggered
F, and the minor conformer may thus decay by fluorescence,

(26) For a review on intramolecular EDA complexes, see: Foster, R.

nonradiative decay, or a change in its conformation. Organic Charge-Transfer Complexescademic Press: New York, 1969;
pp 78-82.
(24) Chandross, E. A.; Thomas, H. Them Phys Lett 1971 9, 393~ (27) For a compilation of bond lengths and bond angles, see: March, J.
396. Advanced Organic Chemistyyth ed.; Wiley-Interscience: New York, 1992;

(25) White, W. N.J. Am Chem Soc 1959 81, 2912-2913. pp 20-23.
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conformations resulting from the rotation of the-C bond as
well as from the rotation of the €N bond. In examining
molecular models, there is an appreciable steric interaction
between the bulky anthryl group and tNeanilino group. Itis
reasonable to assume thAt2 exists mainly as the trans

conformer around the €C bond (eq 7}* A C—N bond (1.47 ' /
CH;  Ar )
Ar /"N': CH “/
o H o
HG-N H-Cay SN

C
[
N

CHs CHy (AT T T T T T T T 1
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Figure 4. Steady-state fluorescence spectruni\e? in alkanes. (A)

In methylcyclohexane: upper curve, excitation wavelength, 389 nm;
lower curve, excitation wavelength 425 nm. (B) In hexadecane: upper
curve, excitation at 390 nm; lower curve, excitation at 440 nm. The
shoulders at 660 nm in these spectra are artifacts due to a change in
the program of the spectrometer.

H’{ exhibits two groups of absorption, one by the EDA conformer
G and the other by the noninteracting conformeHs)he LE
J I emission must be derived from the noninteracting conformer(s)
only.
A) is slightly shorter than a €C bond (1.54 A), and the It is noteworthy that the quantum yields of the two CT

difference exerts only a minor effect on the relative stability emissions are the same wh&s is excited at either wavelength
between the anti and the gauche conformers. If we assume thategion (Figure 4). The result suggests that the major decay
only the conformeiG, which has the nonbonding lone pair of mode of the LE state is in its conversion to the CT states via a
the anilino nitrogen aligned in an antiparallel orientation with rapid conformational change at almost unit efficiency (Scheme
the anthryl group, has the favorable through-bond EDA interac- 1).
tion between the donor and the acceptor groups, this favorable LE Emission. The intensity of the LE emission increases
through-bond interaction will be attenuated by the gauche appreciably with the viscosity of the alkane solvent, from 0.001
interaction between the N substituents on the anilino N and the in methylcyclohexane to 0.004 in hexadecane (Table 1). Since
bulky anthrylmethyl group on the C-2 carbon (eq 7). A gauche the fluorescence quantum vyield of MCNA does not vary
interaction may destabilize the conformation of a system-by  substantially in these two solvents (0.350.06 in methyl-
1-1.5 kcal/mol. Since the EDA conformer is still the major cyclohexane and 0.6% 0.06 in hexadecane), the increase in
conformer at the equilibrium in spite of the two gauche LE emissionina more viscous solvent is most likely an inherent
interactions, the EDA interaction may have stabilized the system property of A-2 and not due to its contamination with a
by ~2—2.5 kcal/mol. fluorescence impurity. However, we encountered experimental
Photoexcitedh-2 in the noninteracting conformatioib may difficulties in our attempts to determine the fluorescence lifetime
undergo either a conformational change to the EDA conformer of the LE emission by time-resolved fluorescence spectroscopy,
G or undergo radiative and nonradiative decays in the LE mode particularly in less viscous solvents. The difficulties are likely
to A-2. Since EDA complexes may be excited directly into due to both the low quantum yields of the LE emissief®{001)
the CT states, photoexcitation Af2 from its EDA complex to and the interference caused by the nearby 490 nm CT emission.
its CT state indicates that PET &f2 has attained the theoretical ~ Assuming the fluorescence properties of compounds series
limiting rate for a photochemical process. are similar to those of their model compound MCNA, we may
ii. Fluorescence Spectroscopy.Steady-state fluorescence estimate the lifetime of the LE emission&f2 from the lifetime
study ofA-2 in pentane or methylcyclohexane reveals that the of MCNA emission (10.6 ns in methylcyclohexane) according

fluorescence ofA\-2 depends on the wavelength of excitation. to eq 8. The values obtained are 19.3 ps in methylcyclohexane
When it is excited at 390 nm, the maximum of the absorption,

A-2 yields three groups of emissions: a structured anthryl LE T = Tyena(@d Pucena) (8)
emission with 8-0 band at 414+ 2 nm, a broad CT-type

emission with a maximum at 490 nm, and another broad CT- and 77 ps in hexadecane. The result clearly indicates that there
type emission with a maximum at 605 nm. WHhe2 is excited is an extremely rapid process or processes competing against
selectively into the EDA band at a longer wavelength, 420 nm, the fluorescence emission. The calculated rates of the competing
it yields only the two CT emissions (Figure 4). Sinée2 process(es) in alkanes are viscosity dependent, varying from
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Scheme 1
\ conformational conformational 1 \ _
<:>%’/,\\\//rAn* change N+’/\\\»//An’ change N' +—- An
l 1.3-5.2x1010s7! 2.4-5.1x10%9s "1
Localized Extended ion Classical
excited state pair state, T CT-state
605nm
LE emission 490nm emission emission

hv non-radiative hv non-radiative non-radia-
decay decay tive decay
6.0x108s7! 2.4-2.8x108s7!

¥
C>\N/\/An

|

Twisted EDA complex

ground state

Table 2. Lifetimes of ExcitedA-2 in Solution

5.2 x 109 s7! in methylcyclohexane to 1.3 109 s in

hexadecane. The rates correspond to an activation energy barrier solvent

of 2.8—3.5 kcal/mol at 25C for a unimolecular process. The n-pentane  methylcyclohexane-hexadecane

results suggest that the emitting specief-&f may be different viscosity (cpsT)? 0.23 (19°C) _ 0.73 (20°C) 3.45 (20°C)

conformers; i.e., they may interconvert to one another by the c1.1 (. nmy 485 486 492

rotation of ao bond, and we conclude that only one conformer @ 0.001 0.001 0.004

of A-2, the conformefG, exhibits the EDA-like absorptionand 7 c 22°C,136ps  22C,335ps

gives rise to the CT emissions. %g 1(1@ ps 2(2);8 %% ps
CT Emissions. The classical CT emissions or the exciplex 50°C. 91 pgs 50C. 176 B:

emissions of analogous bichromophoric compounds are relatedcT-2 (Vpa,, nmP 600 605 607

to one another by the substituent effect. The introduction of a @ 0.004 0.004 0.005

10-cyano substituent intd-2 to form B-2 causes its CT  7(22-50°C) c 4.20+£0.04ns  3.52:0.02ns

emission to shift from 450 to 522 nm, or a 3065 cnmed- aViswanath, D. S.; Natarajan, (ata Book on the Viscosity of
shift. We may estimate the classical CT emissioref from Liquids Hemisphere: New York, 1989.Excitation at 295 nm¢ Not
that of C-2 by assuming that the cyano group will cause the measured? Rise time, 420+ 50 ps.

same red-shift as th&@-2 to B-2. The calculated value for the

classical CT emission from-2 is 16 390 cml or 610 nm. Since  PET studies on rigid or semirigid systehand to the “loose”
CT emissions are broad peaks, the calculated value is within exciplex observed in the time-resolved studieE<f by Mataga
the experimental uncertainty of our observed CT emission at in polar solvents.

605 nm. Therefore, we assign the CT-2 emission at 605 nm to  Since the rate of conformational change of a molecule by a
the classical CT emission in the overlapping conformation.  ¢-bond rotation may be retarded by a more viscous solvent,
It is predicted thatA-2 may undergo PET in the trans and methylcyclohexane;(= 0.73 cps) has virtually the same

conformation. Therefore, the 490 nm emission may be the CT dielectric constante(= 2.02) as hexadecang & 3.45 cpse
state ofA-2 in the trans conformatiorG, which has a larger = 2.05)282°any change in the spectroscopic behavioré.&f
charge separation than the classical CT state and will undergoin these two solvents may be related to the difference in their
a conformation change via Coulombic interaction to the classical viscosity alone (Tables 1 and 2) Changes in the fluorescence
CT state in the overlapping conformation (Figure 1). If this is behaviors ofA-2 are immediately noticeable when the solvent
the case, the energy difference between the two CT states igS changed from methylcyclohexane to hexadecane (Figure 3).
that between the Coulombic interactions of two conformations. When A-2 is excited at its absorption maximum of 390 nm,
However, by using the literature values of bond lengths and the ®’s of both the LE emission and the 490 CT emission
bond anglegd? and assuming of alkanes to be 2, the value increase appreciably as the solvent viscosity increases, while
obtained, 0.68 eV, appears to be only in qualitative agreementthe @ of the 605 nm emission remains unchanged. The
with the observed difference between 490 and 605 nm of 0.48 intensification of the 490 nm emission caused by this solvent
eV, or 11.1 kcal/mol. Since the overlapping CT-2 state is change agrees with our postulate that the two CT emissions
destabilized relative to the FraneCondon ground state and may be derived from two CT states related to one another by a
the extended CT-1 state is not, the observed energy differenceconformation change (Figure 1).
between the two CT states may well be in good agreement with  This explanation is verified by time-resolved fluorescence
our explanation; i.e., the 490 nm emission is derived from the spectroscopy at temperatures ranging from 22 to°60at
CT state in theG conformation, which undergoes a conforma- picosecond resolution (Table 2). Theof the 490 nm emission
tional change via Coulombic interaction to the classical CT state.
The classical CT state decays back to the ground state by,  (28) Viswanath, D. S.; Natarajan, ®ata Book on the Viscosity of
. . . . Liquids Hemisphere: New York, 1989.
emitting at 605 nm. This conformational change is related to

. . ; el (29) Riddick, J. A.; Bunger, W. B.; Sakano, T. Rrganic Sobents 4th
the “harpooning” in PET first proposed by Verhoeven in his ed.; Wiley-Interscience: New York, 1986.
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of A-2 in methylcyclohexane decreases from 136 ps at@2 below the LE state, we observed a strong EDA interaction in
to 91 ps at 5¢°C. Thet; of the 490 nm emission 0A-2 in A-2 through threey bonds which does not exist -1 through
hexadecane at the same temperature range is much longertwo o-bonds (Figure 2). SincA-2 contains an n donor and a
decreasing from 335 ps at 2€ to 176 ps at 50C. However, ot acceptor, the interaction between the donor and the acceptor
the z; of the 605 nm emission remains unchanged at 3.52 ns in in the ground state may be formulated by a canonical resonance
hexadecane and at 4.20 ns in methylcyclohexane over the samatructurel. In I, the n donor electron is successively relayed
temperature range (Table 2). through theo* orbitals of dimethylene linkage between the
The relationship between the CT emissions was also analyzeddonor and the acceptor. This relay requires the antialignment
by the rise times of their emissions. Although we were unable between the donor and acceptor and weakens the nueiti&.
to resolve the rise time of the 605 nm emission in methyl- The canonical formul&is analogous to the classical formulation
cyclohexane, we found the rise time in hexadecane to be 4200f hyperconjugation in organic compounds by aubstituent
ps at 22°C. Since the excited EDA conformer in tHe to a chromophoré The PET ofA-2 involves the promotion
conformation does not necessarily decay entirely via the of an n electron from the anilino donor into the orbital of
conformational change (Scheme 1), the time-resolved spectros-anthryl acceptor. This promotion may also occur via tie
copy results clearly agree with our explanation that the excited orbital of thea-N—C bond, formulal. In either case, EDA
EDA conformer decays by a conformational change to the interaction involves the n orbital of the N donor and tie
classical CT state. The Arrhenius activation enewyt, for orbital of the C acceptor via the* level of the spacer, and it
the decay of the 490 nm emission may be calculated from the may be visualized as a form of nitrogeoarbon hyperconju-
temperature dependence of its lifetime to be 2170.05 kcal/ gation. We can offer no other explanation at this moment. In
mol in methylcyclohexane and 4.7& 0.02 kcal/mol in the meantime, an X-ray structural analysis will be performed
hexadecane. We also attempted to determine the rise time ofon A-2 and D-2 in collaboration with Professor Michael
the CT-1 emission and were unable to obtain meaningful results. Garavito in order to achieve better understanding in our work.
The experimental difficulty may be related to the following ~ The fluorescence ofA-2 was also studied in a few other
factors: (1) the major portion of the CT-1 state (vide supra) solvents. Since the CT emissions from ion pair states are known
may be accessed by direct excitation of the EDA conformer in to undergo much larger red-shifts than exciplex emissions in
the ground state and the remaining portion via a rapid decay polar solventd!-33we estimated that the CT emission at 490
from the LE statef = 19—77 ps, depending on the solvent nm in alkanes may undergo a red-shift to 58020 nm in
viscosity); (2) the limitation of our instrument function-25 n-butyl ether. The CT emission at 490 nmA® does undergo
ps); and (3) the overlap between CT-1 and the LE emissions. noticeable red-shift in more polar solvents. Since CT emissions
The relative population of an emitting species at the steady are broad and weak emissions, we were unable to resolve two
state is directly proportional to its lifetime. The lifetime of the overlapping CT emissions into their individual components in
classical CT emission d&-2 (3.52 ns) in hexadecane is much etheral solvents. Both CT emissions become nondetectable in
longer than the 490 nm emission derived from the EDA solvents more polar than ethyl acetate (vide supra, Table 1).
conformer ofA-2 (335 ps) at 22C, yet the quantum yields of ~ Therefore, we were unable to extract valuable information about
the two CT emissions are comparable. If there were an the dipole moments and charge separation of the CT emission
appreciable concentration 8£2 in the overlapping conforma-  at 490 nm.

tion stabilized by @—A through-space interaction, the overlap- c. Compound B-2. Like A-2, B-2 also exhibits a broadened
ping conformer would be excited directly into the classical CT-2 red-shifted absorption spectrum with some fine structure and a
state. We would have observed a faster rise time and higherg-o band at 418 nm (Figure 2). The fluorescence excitation
quantum efficiency of the CT-2 emission. Coupled with our gpectra ofB-2 is also similar to those oA-2, i.e., they are
observations that the rise time of the classical CT-2 emission dependent on the wavelength of emission at which the excitation
corresponds to the decay of the EDA conformer and that there spectrum is monitored. In methylcyclohexane, when the
was no detectable intermolecular interaction in the model excitation spectrum is monitored at the maximum of the LE
system, we may conclude that theA through-space interaction  emission of 439 nmB-2 exhibits a structured excitation with a
in the overlapping conformation makes an insubstantial con- 0-0 band at 408 nm (shoulder at 422 nm). When the excitation
tribution to the EDA interaction irA-2. spectrum is monitored at the maximum of the CT emission of

Furthermore, it is well-known empirically that the mobility 514 nm,B-2 exhibits a broadened structured excitation with a
or the reciprocal of viscosity('!) of many solvents exhibits  0-0 band at 422 nm, or a 813 cfred-shift (Figure 5). The
Arrhenius-type behavid® The associated activation energy of shoulder in the excitation spectrum monitored at 439 nm may
methylcyclohexane and hexadecane may be estimated from thevell be due to a low-intensity CT emission at 439 nm. A similar
temperature dependence of their viscosity to be 2.2 kcal/mol red-shift in the excitation spectrum monitored at different
for methylcyclohexane and 3.9 kcal/mol for hexadecane. Since excitation wavelengths is also noted in hexadecane and in
the conformation change between the two CT states must alsoethereal solvents, expecting the red-shifting of the CT emission.
overcome the rotational barrier of the centratC bond, these  Since it is theoretically impossible for a compound to exhibit a
values are in general agreement with our observed barrier for0-0 band of absorption or excitation to the red of the 0-0 band
the conformational change. This renders additional support for of emission, the results suggest that the n@elA interaction
the assertion that the two CT states are related to one anothethrough a bis-methylene linkage may also exisBin2, but to
by a change in conformation. a lesser extent thaA-2. By selectively excitingd-2 at 423

In the classical theory of througihbond interaction between  nm, 5 nm to the red of the 0-0 band, a weak CT emission, which
chromophores, the effect is transmitted throughdahéevel of
the bond and is characterized by a transmission congtort (31) Closs, G. L.; Calcaterra, N. J.; Green, N. J.; Kenfield, K. W.; Miller,
each bond! However, when the energy level of the CT state J-R.J. Phys Chem 1986 90, 3673 3683.

. . ; (32) Carey, F. A.; Sundeberg, R. Advanced Organic Chemistryrd
of a bichromophoric system has been lowered by substituentsed.; Plenum: New York, 1990; Part A, pp538. Pross, A.; Radom, L.;

Riggs, N. V.J. Am Chem Soc 198Q 102 2253-9.
(30) Waldeck, D. H.; Fleming, G. Rl. Phys Chem 1981, 85, 2614— (33) Hermant, R. M.; Bakker, N. A. C.; Scherer, T.; Krijnen, B.;
2617. Verhoeven, J. WJ. Am Chem Soc 199Q 112 1214-1221.
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Figure 5. Fluorescence excitation spectra Bf2 in methylcyclo-
hexane: {), monitored at 439 nm; (- - -), monitored at 516 nm.
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overlaps with the LE emission wheBt2 is excited at shorter

wavelength, becomes resolved with an estimated maximum at

440 nm (Figure 6). This result, coupled with our data from

A-2, is in agreement with our suggestion (vide supra) that there

is also a noveD—A interaction inB-2. Furthermore, the results

suggest that the emission at 440 nm is derived from the extended

conformer via the novel through bond interaction asAi2.
Such an interaction is not detected @2 under similar
conditions which indicates that the EDA interaction is weaker
in C-2. However, the cyano substituentB2 exerts a lesser
effect in causing the red-shift of the CT emission fr@® at
448 nm, a 68 nm or 2942 crh shift, than the methoxy
substituent inC-2, a 74 nm or 3164 cmt shift (Table 1).

Since the substituent effect on the CT emission of a 10-cyano

Zhang et al.
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Figure 6. Steady-state fluorescence spectraBe? in methylcyclo-
hexane: upper curve, excitation at 386 nm; lower curve, excitation at
423 nm.
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group on the anthryl group becomes larger than that of a Figure 7. Fluorescence excitation spectra Af3 in methylcyclo-

p-methoxy group on the anilino group in the trimethylene and
the tetramethylene derivatives (vide infra), the effect may be
related to other factors which will be treated in the next section.

d. Compounds A-3, A-4, B-3, and B-4. The dependence
of fluorescence excitation spectrum{3 in methylcyclohexane

on the wavelength of emission is also observed but to a lesser

degree than inA-2 and B-2 (Figures 7 and 8). When the
excitation spectrum is monitored at the maximum of the LE
emission of 437 nm, it exhibits a structured excition with a 0-0

band at 406 nm. When the excitation was monitored at the

maximum of the CT emission of 610 nm, it also exhibits a
structured excitation but its 0-0 band is red-shifted by 200%cm
to 409 nm. Both emissions are weaker than those-8f and
the emissions oA-3 become almost nondetectable in ethereal
solvents.

Compound A-3 may exist in four different staggered
conformations: t, t, t, g, g g+, and g, gs. All of these
conformations interconvert readily from each other under our

H
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Figure 8. Steady-state fluorescence spectruni\e8 in methylcyclo-
hexane.

which the CT state is derived. Since tbe-A distance in the
overlapping conformer, or therg g+ conformer, and that in
the g, g+ conformer are within the range of PET, the
contribution of these conformers in the excitation spectrum will
be amplified relative to the other conformers. Due to the strong
through-spac®—A interaction in the overlapping conformer,

it is expected to exhibit a broad structureless red-shifted
absorption spectra. Since the absorption spectrur-8fis
“normal” and similar to those oA-1 andA-4 in the homologus
series (Figure 2), the result indicates that the overlapping
conformer makes an insignificant contribution in the ground
state. The g, g+ conformer is a minor conformer @&-3 at

the equilibrium, and its orientation between theand theA
groups precludes both a strong through-bond and a strong
through-space interaction. The presence of a minor amount of

experimental conditions. The excitation spectrum monitored this conformer cannot be excluded by its absorption spectrum,
at the LE emission is most likely derived from the conformers yet its presence may be amplified in the excitation spectrum
whoseD—A distance exceeds the energetic limit for the PET; resulting in the observed red-shift. The validity of such an

whereas the excitation spectrum monitored at the CT emissionexplanation may be resolved, as in the cas€&, by a gas-

is a composite of absorption spectra of different conformers from phase photochemical study of compounds inAhseries.
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Such anamolous excitation spectra in alkane solvents wereanilino donor. This may be the cause for the lesser effect of
not observed irA-4, B-3, andB-4. This is apparently due to  the cyano substituent B-2 relative to the methoxy substituent
the larger average distance betweenBhand theA groups at on C-2.
its conformational equilibrium.

The CT emission in the unsubstituted serie®e® andD-4 Conclusions
is at 487 and 470 nm, respectively. A 10-cyano substituent in
the anthryl group irB-3 andB-4 causes a red-shift in the CT
emission to 555 and 541 nm, respectively, an average shift of
~70 nm or 26504+ 140 cnTl, which is larger than the shift
caused by a 4-methoxy substituent in the anilino grou@-®
andC-4 to 530 and 525 nm, respectively, an average-60
nm or 1950+ 289 cnt! (Table 1)14 The larger effect of the
cyano substituent may be related to its larger effect in stabilizing
the CT state. However, the observed substituent effect in the
CT emission irB-2 andC-2 is reversed from the observed effect
in the 3 and 4 series, in which the cyano substituentBr2
causes a 68 nm or 2942 cenred-shift, and in which the
methoxy substituent i©-2 causes a 74 nm or 3164 chred-
shift (Table 1). A unique feature of our anthrydialkylanilino
bichromophores in compounds—D is that the nitrogen atom
in the dialkylanilino group is oriented to face the anthryl
acceptor. In the related moleculEsstudied in other labora-
tories, the phenyl group in the dialkylanilino group is oriented
to face the anthryl acceptor. The dimethyleno spacer ir2the
series prevents the two aryl groups Enfrom achieving the
parallel overlap between them. As the reski only exhibits
CT emissions in solvents more polar than hydrocarbons.
However, molecular modeling shows that the nonbonding pair
on the nitrogen ofc-2 can come into contact with the anthryl
m system. The most stable configuration for the CT state or
the exciplex is where th® and theA groups have attained a
parallel alignment with the maximum overlap between them.
This is possible for trimethylene and tetramethylene derivatives
but not possible in the dimethylene derivati&®. Sterically,
the nonparalleD—A alignment may reduce the effect of the
10-cyano group to the anthryd acceptor on the CT state to a
greater extent than the effect of the 4-methoxy group to the JA9523698

In order to further our understanding of both the ground-
state EDA interaction and the PET @flinked bichromophoric
compounds, we plan to carry out the following: (i) an
all-valence electron calculation of the structurefe® in the
ground state in collaboration with Dr. John Miller of the
Argonne National Laboratory; (ii) syntheses of analogous
compounds containing other donors, acceptors, and spacers in
between them; and (iii) physical studies of these compounds in
collaboration with Professor D. H. Levy, Professor M. Garavito,
and other scientists.

In conclusion, although polymethylene-linked bichromophores
may exist in a number of conformations, our studies of the lower
members of the homologus seriass 4 or less, revealed novel
behaviors in th& = 2 homologs as well as predictable behaviors
following the conformational analysis. We also confirm that,
when the energy level of the CT state of our compounds is
lowered below that of the LE state, there is a ground-state
interaction between th® and A groups. These compounds
may be excited directly into the CT state; i.e., the photoinduced
electron transfer inA-2 and related compounds apparently
occurs upon light excitation, thus reached the limiting rate of a
photochemical process.

Acknowledgment. The authors thank the National Science
Foundation for the financial support, Professor Donald H. Levy
for his initial and continuing stimulation and valuable discus-
sions, Professor Hansen Shou for the synthesis and preliminary
studies of compounds in the and D series, and Professor
Professor M. Garavito and Professor Jerry Berson for many
valuable discussions.



