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Abstract

Photoinduced intramolecular charge transfer (ICT) was studied in 4-N,N-dibutylamino-4"-cyano-terphenyl and its conformationally more
planar and more twisted analogues. Semi-empirical calculations (CNDO/S-CI) suggest that the twisted intramolecuiar charge transfer ( TICT)
states (A7’ with the dimethylanilino group as the electron donor (D) perpendicular to the planar cyano diphenyl moiety (acceptor, A), A¥
with the dimethylamino dipheny! group (D) perpendicular to the benzonitrile group (A) and A¥; with the three phenyl groups successively
perpendicular such that D and A are parallel but linked by a phenyl group in a perpendicular relative conformation) are sufficiently low lying
to become the lowest excited states in polar solvents because of their high dipole moments. Theoretical considerations suggest radiative
properties for the TICT states A3 and A7 because of the large orbital coefficient at the single bond link and the possibility of strong coupling
by deviation from perpendicularity. In contrast, non-radiative properties are suggested for the TICT state A¥; because D and A are separated
by a neutral phenyl ring. The excited state dipole moments were obtained from the solvatochromic behaviour of the fluorescence. The decrease
in the fluorescence quantum yields and the shortening of the fluorescence lifetimes in polar solvents (observed only for the sterically hindered
compound) were analysed. The effect of a preferred non-planar ground state conformation has been accounted for by a different TICT state

population and/or a modification of the TICT state eniissive properties. © 1997 Elsevier Science S.A.
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1. Introduction

During the last two decades, ample experimental evidence
has been accumulated showing that photoinduced intramo-
lecular charge transfer (ICT) plays a key role in the photo-
physics of donor-acceptor (D-A) substituted molecules.
Indeed, on photoexcitation, conjugated organic molecules D~
7-A, where an electron-donating group and an electron-with-
drawing group interact through a 7-conjugated system, can
undergo a large change between the ground and excited state
dipole moments (A ) due to a shift in the electron density
from the D to the A group. Such a phenomenon has been
reported in a number of D-A conjugated molecules, such as
compounds derived from benzene [1-3], stilbenes [4-6],
polyenes [7] and oligothiophenes [8].

Lengthening of the 7r-conjugated system connecting the D
and A moieties is expected to increase the A ., term. In this
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context, push-pull polyenes behave as efficient electron
transmitters, and it has been shown that the transition dipole
moment A u., increases further with rrore than eight conju-
gated double bonds [7]. Nevertheless, polyene ccmpounds
are very unstable to light, and for application in the ficld of
non-linear optics polyphenyls seem to be more appropriate
with regard to stability. The non-planar equilibrium confor-
mation, due to the balance between the conjugation of the
aromatic groups and the steric repulsion between the hydro-
gen atoms of the bay region, is responsible for the significant
blue shift of the absorption spectra of D-A polyphenyls
(D=NMe,, A=NO,) when the number of phenyl groups is
larger than two [9]. The first-order hyperpolarizability (8)
increases with D-A p-terphenyls, and as a whole these com-
pounds display an interesting compromise in terms of the
non-linearity/transparency trade-off [9].

In the D-m—A series, one of the well-known compounds
with one phenyl as the 7 spacer is 4-N,N-dimethylaminob-
enzonitrile (DMABN, D =NMe,and A =CN) [ 1-3], which
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leads to dual fluorescence in polar solvents, assigned to the
presence of two emitting minima in the potential energy sur-
face of the first excited state: the planar conformer, which is
moderately polar and is called the ICT state in this study, and
the perpendicular conformer (twisted intramolecular charge
transfer (TICT) state [ 10]), characterized by full intramo-
lecular electron transfer with 7r-orbital decoupling between
the D (NMe,) and A (benzonitrile) groups. However, Klock
and Rettig [ 11] and Lahmani et al. [ 12,13] have shown that,
at variance with DMABN, for the more elongated compound
4-N,N-dimethylamino-4'-cyano-biphenyl, only the nearly
planar ICT state is formed, even in polar solvents.

In this paper, we investigate the ground state conforma-
tional effect associated with twisting around the two single
bonds which link the D (p-N,N-dialkylanilino or p-N,N-
dialkylaminobiphenyl) and A (p-cyanodiphenyl or p-ben-
zonitrile) groups on the charge transfer character of
4-N,N-dialkylamino-4"-cyano-terphenyl in the excited state.
The ICT excited state should not be much more stable than
that of the biphenyl series, whereas a possible TICT state
should have a larger dipole moment because of the increased
distance between the separate charges and, in polar solvents,
could become the lowest excited state.

In order to investigate the potential energy surface of the
excited state and, in particular, to show the role of the putative
TICT states, we synthesized the 4-N,N-dibutylamino-4"-
cyano-terphenyl (DCT), where al! the single bonds (1,2 and
3, see Scheme 1) are free to rotate. The photophysical behav-
iour of this molecule was compared with that of the electronic
equivalents, i.e. DCT-B2, where the single bond 2 is rigidized
in the planar conformation by a methylene bridge, and DM-
DCT, where two methyl groups bring about an increased ¢,
angle (for notation, see Scheme 1) because of the steric inter-
actions between the CH; substituents and the hydrogen atoms
in the bay position. In this paper, we focus on the solvent
dependence of the spectral position of the fluorescence max-
imum (vn,), the quantum yield (¢;), the excited state
depopulation kinetics (7;) and the resulting radiative (k;)
and non-radiaiive (k) rate constants.
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A complementary technique for investigating the possible
relaxation pathways on the potential energy surface of the
first excited state involves quantum chemical calculations,
which are used to obtain an idea of the excited state energies
and dipole moments >f the planar and various twisted
conformers.

2. Experimental details
2.1. Apparatus and procedure

The absorption and emission spectra were recorded on
Hitachi U-3300 and F-4500 spectrometers respectively. The
standard for fluorescence quantum yield measurements was
quinine bisulphate in 1 N H,SO, (¢;=0.55) and, after sol-
vent refractive index correction, the experimental errors were
estim:.ed to be +10%. The fluorescence lifetimes were
determined using synchrotron radiation from BESSY in the
single bunch mode, described in detail elsewhere [14]. The
statistical error for the lifetime measurements was smaller
than 0.1 ns.

The solvents were of the highest quality commercially
available from Merck or SDS. No fluorescence contaminants
were detected on excitation in the wavelength region of
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Scheme 1. (a)‘Molecu!ar_represemation of DCT. The dihedral angles are denoted ¢; (¢, ¢, and ¢, with 0° < ¢, <90°) where the index i indicates the twisted
bond. (b) Partially optimized «, and ¢, angles for DCT and DM-DCT in the ground state obtained by the AM1 method.
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Fig. 1. Synthetic routes to 4-N,N-dibutylamino-4"-cyano-terphenyl (DCT)
N.N-dimethylamino-4"-cyano-terphenyl (DM-DCT).

experimental interest. The purity of the products was moni-
tored by thin layer chromatography (TLC). Melting points
(m.p.) were determined with a Mettler FR62 apparatus. '"H
Nuclear magnetic resonance (NMR) and '*C NMR spectra
were measured on a Bruker AC250 (250 MHz) instrument
in CDCl; (Aldrich) solution.

2.2. Synthesis

4-N,N-Dibutylamino-4"-cyano-terphenyl (DCT), 2-N,N-
dibutylamino-7-(4'-benzonitrile )-fluorene (DCT-B2) and

, 2-N,N-dibutylamino-7-(p-benzonitrile )-fluorene (DCT-B2) and 2,6-dimethyl-4-

2,6-dimethyi-4-N,N-dimethylamino-4”-cyano-terphenyl
(DM-DCT) are new compounds synthesized by the route
outlined in Fig. 1. The last step is an aromatic~aromatic cou-
pling, catalysed by Pd°. For DCT and DM-DCT, the proce-
dure described by Amatore et al. [15] from an organozinc
and a bromo derivative was followed, whereas for DCT-B2,
a borate precursor [ 16] was used because the fluorene deriv-
ative should deprotonate in basic solution.

Bromination of 4-nitro-biphenyl leads to 4-bromo-4'-
nitro-biphenyl (1) [17]. 4-Amino-4'-bromo-biphenyl (2)
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was prepared according to the procedure given by Blakey
and Scarborough [18]. 4-N,N-Dibutylamino-4’-bromo-
biphenyl (3) and 2-N,N-dibutylamino-7-bromo-fluorene (7)
were obtained by alkylation of the amino derivatives by n-
butyl-bromide. 2-Nitro-fluorene (4) [17] was prepared
according to the method described by Kuhn [19]. 2-Nitro-7-
bromo-fluorene (5) was obtained by following the procedure
described by Case [17] for the preparation of 4-nitro-4'-
bromo-biphenyl. 2-Nitro-7-bromo-fluorene was reduced to
2-amino-7-bromo-fluorene (6) with SnCl, in HC, according
to the synthesis described by Bellamy and Ou [20]. 4-
Bromo-4'-cyano-biphenyl (8) [18] was prepared according
to McNamara and Gleason [21]. 4-Bromo-3,5-dimethyl-
N,N-dimethylaniline (9) was prepared by bromination of
3,5-dimethyl-N,N-dimethylaniline with 2,4,6,6-tetrabromo-
2,5-cyclohexa-dien-1-one [22].

2.2.1. 4-N,N-Dibutylamino-4'-bromo-biphenyl (3)

In a three-necked flask containing N,N-dimethylformam-
ide (DMF) (15 ml) was introduced successively, under
argon, 4-amino-4'-bromo-biphenyl (2) (7.4 g, 30 mmol),
butylbromide (16.4 g, 90 mmol) and NaHCO, (7.5 g, 90
mmol). The resulting mixture was heated overnight at 80 °C.
The cooled solution was poured into iced water. The aqueous
layer was extracted with Et,O and the combined organic
layers were washed to neutrality with water and dried over
Na,SO,. The crude product was purified by chromatography
onsilica gel (petroleum ether-CH,Cl,, 7v/3v) to give agrey
solid (4.2 g, 11.7 mmol, yield=39%, m.p.=84 °C). 'H
NMR (CDCl;) 8 (ppm): 1.15 (CH,, t, 6H), 1.53 (CH,, m,
4H), 1.76 (CH,, m, 4H), 3.46 (CH,, t, 4H), 6.86 (CH, d,
2H), 7.58 (CH, d, 2H), 7.59 (CH, m, 4H). '*C NMR
(CDCly) 6 (ppm): 14.3 (CH;), 20.6, 29.7, 51.0 (CH,),
112.1, 127.8, 1319 (CH), 119.8, 126.5, 140.4, 148.8 (C,).

2.2.2. 4-N,N-Dibutylamino-4"-cyano-terphenyl (DCT)

In a three-necked flask, a solution of 3 (2.4 g, 7 mmol) in
10 ml of tetrahydrofuran (THF) was introduced under argon.
At - 78 °C, through a septum, a 2.5 M solution of BuLi (3.2
ml, 8 mmol) in n-hexane was added dropwise followed by a
solution of ZnCl, (1 g, 7 mmol) in THF (10 ml). The result-
ing mixture was warmed to room temperature. Pd(PPh;),
(460 mg, 0.4 mmol) and a solution of 4-cyano-bromoben-
zene (1 g, 6 mmol) in THF (5.6 ml) were introduced. After
stirring overnight at room temperature, the mixture was
poured onto water and extracted with CH,Cl,. The combined
organic layers were washed with water and dried over
Na,S0,. The crude product was purified by chromatography
on silica gel (petroleum ether~CH,Cl,, 1v/3v) and recrys-
tallized in a CH;Cl,~petroleum ether mixture to give ayeliow
powder (650 mg, 1.7 mmol, yield =28%, m.p. =210°C).'H
NMR (CDCl;3) 8 (ppm): 1.01 (CH;, t, 6H) 1.42 (CH,, m,
4H), 1.64 (CH,, m, 4H), 3.35 (CH,, t, 4H), 6.76 (d, CH,
2H), 7.55 (d, CH, 2H), 7.65 (CH, m, 4H), 7.72 (CH, s,
4H). '°C NMR (CDCly) & (ppm): 14.1 (CH,), 20.5, 29.5,

509 (CH;), 111.9, 126.5, 127.4,127.5, 127.8, 132.7 (CH),
110.5,119.2, 126.4, 136.1, 141.7, 145.4, 148.0 (C,).

2.2.3. 2-N,N-Dibutylamino-7-bromo-fluorene (7)

In a two-necked flask, 2-amino-7-bromo-fluorene (8 g, 41
mmol), 15 ml of DMF, butylbromide (16.8 g, 123 mmol)
and NaHCO, (7.5 g, 92 mmol) were successively introduced
under argon. The resulting mixture was heated overnight at
80 °C. The cooled solution was poured into iced water. The
aqueous layer was extracted with Et,0 and the combined
organic layers were washed to neutrality with water and dried
over Na,SO,. The crude product was purified by chromatog-
raphy on silica gel (petroleum ether-CH,Cl,, 7v/3v) to give
a white solid (6 g, 16 mmol, 40%). 'H NMR (CDCl,) &
(ppm): 1.12 (CH;, t, 6H), 1.52 (CH,, m, 4H), 1.74 (CH,,
m, 4H), 3.43 (CH,, t, 4H), 3.85 (CH,, s, 2H), 6.79 (CH, d,
1H), 6.90 (CH, s, 1H), 7.49 (CH, 5, 2H), 7.61 (CH, d, 1H),
7.64 (CH, s, IH). *CNMR (CDCl;) & (ppm): 14.3 (CH;),
20.6, 29.7, 37.1, 51.3 (CH,), 108.2, 111.0 (CH), 1179
(Cy. 1195, 1209, 127.9 (CH), 128.8 (C,), 129.7 (CH),
141.8, 1444, 145.1, 1483 (C).

2.2.4. 2-N,N-Dibutylamino-7-(4'-benzonitrile)-fluorene
(DCT-B2)

In a three-necked flask, a solution of 2-N,N-dibutyl-
amino-7-bromo-fluorene (200 mg, 0.54 mmol) in 4.5 ml of
toluene, Pd(PPh;), (38 mg, 0.033 mmol) and a2 M aqueous
solution of Na,CO; (4.5 ml, 8.7 mmol) were successively
introduced under argon. Through a septum, a solution of p-
benzonitrile boric acid (110 mg, 0.75 mmol) in 2.1 ml of
ethanol was added dropwise. The resulting mixture was
heated under argon at 6070 °C overnight and then extracted
with Et,0 (330 ml). The combined organic layers were
washed with brine and dried over sodium sulphate. The crude
product was purified by flash chromatography (petroleum
ether-CH,Cl,, 1/1) and recrystallized in a petroleum ether-
CH,Cl, (7/3) mixture to give a yellow-green powder (40
mg, 0.1 mmol, 20%). 'H NMR (CDCl,;) & (ppm): 1.00
(CH;, t, 6H), 1.42 (CH,, m, 4H), 1.64 (CH,, m, 4H), 3.35
(CH,, t, 4H), 3.90 (CH,, s, 2H), 6.73 (CH, d, 1H), 6.86
(CH,s, 1H),7.53 (CH, d, 1H), 7.61 (CH, s,2H), 7.65 (CH,
s, 1H), 7.72 (CH, 5, 4H). "*C NMR (CDCl;) 6 (ppm): 14.1
(CH;), 204 (CH,), 29.4 (CH,), 37.2 (CH,), 51.2 (CH,),
108.1 (CH), 110.0 (C,), 111.0 (CH), 118.6 (CH), 119.3
(C,), 121.1 (CH), 126.0 (CH), 127.4 (CH), 132.5 (CH),
135.0 (C,), 143.1 (C,), 145.8 (C,), 146.3 (C,). MS (m/
2):394 (75%, M), 351 (100%), 309 (28%), 266 (21%),
155 (12%).

2.2.5. 2,6-Dimethyl-4-N,N-dimethylamino-4"-cyano-ter-
DPhenyl (DM-DCT)

In a three-necked flask, a solution of 4-bromc-3,5-di-
methyl-N,N-dimethylaniline (5) (1 g, 4 mmol) in THF (10
ml) was introduced under argon. At — 78 °C, a 1.7 M solution
of tert-BuLi in pentane (5.2 ml, 9 mmol) was added dropwise
through a septum. After stirring at —78 °C for 30 min,a 1 M
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solution of ZnCl, (4.4 ml, 4.4 mmol) in Et,0 was added.
The resulting mixture was then warmed to room temperature
and stirred for 1 h before adding successively a solution of
4-bromo-4'-cyano-biphenyl (930 mg, 4 mmol) in THF (10
ml) and a catalytic anount of Pd(PPh;), (280 mg, 0.2
mmol). The mixture was heated at 60~70 °C for 22 h and
poured onto water. The aqueous layer was extracted with
Et,0 and the combined organic layers were dried over
Na,SO,. The crude product was purified by successive chro-
matographies on silica gel (petroleum ether-CH,Cl,, 7v/3v)
to give a yellow solid (280 mg, 0.9 mmol, yield=21%,
m.p.=190-200 °C). 'H NMR (CDCl;) § (ppm): 2.09
(CH;-C, s, 6H), 3.00 (CH;-N, s, 6H), 6.57 (CH,,, s, 2H),
7.29 (CH,, d, 2H), 7.66 (CH_, d, 2H), 7.76 (CH_, s, 4H).
3C NMR (CDCl;) 8 (ppm): 21.5 (CH5-C), 40.7 (CH;-N),
111.8,127.1, 127.6,130.9, 132.7 (CH), 110.7, 119.1, 129.9,
136.8, 136.9, 142.2, 145.6, 149.8 (C,). MS (m/z): 326
(100%, M™*).

2.3. Calculations

For the quantum chemical calculations, idealized bond
lengths and angles were used, as defined previously [ 11,23].
The bond lengths of the single bonds 2 and 3 were taken to
be equal to 1.485 A and 1.494 A respectively, as obtained by
X-ray analysis of 4-N,N-diethylamino-terphenyl {24]. In
DCT, the dibutylamino group was replaced by the electron-
ically equivalent substituent NMe, in order to shorten the
calculations.

The standard AM1 method within the AMPAC 5.0 package
{25] was used to obtain the optimized geometry with respect
to the dihedral angles (¢;, ¢ and ¢;, Scheme 1) and to
calculate the energy (E,, eV) and the dipole moment (pug,
D) of the ground state. Several starting geometries were used
for the geometry optimization to ensure that the optimized
structure corresponds to a global minimum of ¢, and ¢;
angles. Calculations were performed for different dihedral
angles with all the other structural parameters kept constant
at their values defined above. The energy of the optimized
structure was used as a reference (E;=0eV) for compari:on
with the ground state energies of other conformations. In view
of the large angular energy changes obtained for the excited
states, especially the solvated states (Section 3), the partial
optimization of the comparatively flat ground state surface
seems adequate.

Energy gaps between the ground and excited states (AE,
eV) were calculated using the CNDO/S method [26],
employing an updated version of QCPE program 333 as
described previously [ 11]. The energies of the excited states
were determined by adding these transition energies to the
energy of the ground state at the corresponding conformation.
For a short-hand notation, we call the conformers with the
perpendicularly twisted single bond A; (A}, A;, Ajand A, 5,
with the index indicating the bond(s) twisted) and the lowest
TICT excited states for these conformations A* (Af, AT,
A¥ and A¥;). All singly excited configurations lying below

15 eV (generally approximately S0) were taken into account
in the CI procedure.

Since the primary purpose of this work was to determine
whether the formation of a low-lying TICT state is possible
for DCT and DM-DCT in polar media, the solvation energies
of the excited states were calculated. The solvent was taken
as a continuous dielectric continuum defined by the dielectric
constant (€). The energy of the solvated excited state ES was
estimated (Eq. (1)) according to Onsager theory [27,28].
In Eq. (1), Ey" and E5°™ are the solvation energies of the
ground and excited states respectively. The energy of the
solvated ground state (E;) is given by Eq. (2), and E°"
(i=g or €) is calculated according to Eq. (3), where g,
denotes the dipole moment of the corresponding state i (cal-
culated in the gas phase) [23,29]

Ei=E,+AE—EX" +EX" (1

Ey=E - EY" @
solv IJ'?

El 47T€0p3f(€) (33.)

with

fe)=(e—1)/(2e+1) (3b)

The Onsager cavity parameter p is determined for each
compound from the molecular volume [ 6], calculated from
the molecular weight and the density, which is assumed to be
equal to unity (i.e. close to that of N,N-dimethylaniline (0.95
g cm™?) [30] and benzonitrile (1.01 gcm ™) [30]). This
parameter, which represents the effective radius of the solvent
shell around the molecule for the three compounds, has the
following values: 5.3 A (DCT), 5.4 A (DCT-B2) and 5.1 A
(DM-DCT).

3. Results
3.1. Quantum chemical calculations

The results of the ground and excited state calculations for
the planar and three perpendicular (A, A, and A;) confor-
mations for DCT and DM-DCT are summarized in Table 1.

For DCT, in the S, state, the planar conformation is the
lowest. This state corresponds to the promotion of an electron
from the highest occupied molecular orbital (HOMO) ¥,
(B symmetry) to the lowest unoccupied molecular orbital
(LUMO) ¥_, (B symmetry), i.e. the transition denoted
xi ' belongs to the A symmetry within the C, operator
(Fig. 2). The first TICT state, distinguished by a high dipole
moment and a low oscillator strength, according to the prin-
ciple of minimum overlap {31], is found to be an S, state at
a considerably higher energy (Eé_f =5.3 eV) than the planar
S, state (E,=4.2 eV). The two TICT states (A" and A¥)
are very close in energy and in dipole moment, whereas AF
is clearly higher in energy (6.1 eV) and occurs as an S, state.
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Table 1

Energies (E,, V) and dipole moments (g, D) of the ground state (S,) determined by AMPAC 5.0 calculations [25] for different conformations of DCT and

DM-DCT. Energies (E., eV), oscillator strengths (f) and dipole moments (.,
(Sym.) within C; and the main configuration ( x2) for each state are also listed

D) of the excited statzs calculated by the CNDO/S method [26]. The symmetry

State Parameter Planar Twisted A, Twisted A, Twisted A, Twisted Ay 3
SD:T E; 024 0.50 0.16 0.15 0.08
™ 6.5 47 6.1 6.3 6.1
S, E, 4.17 4.50 451 448 4.50
P 238 18.5 13.0 10.2 114
f 0.8 08 0.71 0.004 0.02
Sym. (x2) A (x3i A A (x:2 B (x:1) B (x:1)
S, E, 4.55 481 4.59 454 467
) e 146 11.4 129 99 638
! 0.0002 0.0009 0.002 0.02 0.12
Sym. (x) B (xiD B(xI1 B (x5} B (x:i B (x33)
ss E, 6.06 (S,)¢ 5.33 (S¢s° 5.27 (S5)¢ 6.26 (S,3)¢
He 41.0 44.5 439 518
f 0 0 0 0.001
Sym. (x}) A (XD A (x3 AixzD A(x=1
State Parameter Planar® Twisted A§ Twisted A, Twisted A3 Twisted A, 3
DM-DCT
5 E, 325 3.50 0.15 3.15 0.05
e 6.8 5.1 59 6.6 5.8
S, E, 724 7154 448 740 441
e 245 202 133 72 74
f 0.79 0.79 0.71 0.009 0.01
Sym. (x}) A (XD A(xiD 4A5(::5) 36(65?) fé::?
S, E, 751 7.85 : : .
) e 54 6.0 79 12.0 76
f 0.004 0.0002 0.01 0.0008 0.02
Sym. () B (x:}) B (x:% B (x:1) B (x:]) B (x:3)
s¢ E, 10.12 (S32)¢ 5.06 (Ss)* 821 (Ss)* 6.10 (S,,)*
e 432 433 435 504
f 0 0 0 0.00007
Sym. ()t) A(x:D A(x:D) A(x:l) A(xiD
*The global minimum of the ground state (see Scheme 1), used as reference (E,=0eV), is localized at ¢,/ ¢, =41°/41° for DCT* and ¢,/ @5 =41°/78" for
DM-DCT®.
‘Lowest lying TICT state for each conformation.
YFirst TICT state obtained.

“Calculated with ¢, = 0°, yields an estimate of the steric destabilization for this planar geometry by the two ortho-methyl groups.

It is interesting to note that, for both TICT states AF and
A7, the symmetry (A) and the main contribution (x; ') of
the states are the same as for the strongly allowed S, state of
the planar geometry (Fig. 2 ard Table 1).

Whereas in the ground and first excited state (S,) of DCT
all the conformations (planar and perpendicular A,~A; and
AZ;) are rather close in energy, for DM-DCT the perpendic-
ular conformations A, and A}, are clearly the lowest in
energy, as expected from the steric interactions between the
CH; substituents and the hydrogens in the bay position. The
first low-lying TICT state, A¥, is found to be an S; state
(E.=5.1eV). The other TICT states (Af, A¥ and A},) are
higherin energy (E5Y =8.2eV, EAL =10.1eV and EA%=6.3
eV). As for DCT, the strongly allowed S, state of the planar
conformation and the TICT state A} of DM-DCT possess

similar symmetry (A) and a x; ' configuration as the main
contribution.

The gas phase energies of the ground and excited states of
DCT and DM-DCT, with the main x; ! contribution, are
presented in Fig. 3 as a function of the ¢, and ¢; angles. For
the near-planar conformations, x; ' corresponds to S,. For
the twisted conformations, it corresponds to the higher lying
AZ, AT and A7, TICT states which, due to their large dipole
moment, will be part of the S, surface in polar solutions. The
other excited states have been calculated, but are not pre-
sented in Fig. 3 because of their very low dipole moments
(see below); therefore they are not significantly stabilized
when solvation is taken into account.

The ground state surface of DCT shows a wide distribution
of conformers with a low energy difference (around 0.1 eV,
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Planar State a) A,* State  b)

As* State c) A>3 State d)

1 e T ST Y R e 82

LUMO LUMO

LUMO LUMO

HOMO HOMO

HOMO HOMO

Fig. 2. Orbital representations for the planar (a) and TICT (A¥, A} and A%,) states (b—d) for the highest occupied molecular orbital (HOMO) ¥, , and the
lowest unoccupied moiecular orbital (LUMO) ¥_, of DCT. (a) For the planar conformation, the configuration y; ! (HOMO-LUMO transition) represents
the preponderant weight of the S, state, with large oscillator strength and dipole moment (f=0.79 and g, =24.5 D). (b) In the perpendicular TICT state A¥,
the transition x; ! (82% of weight involves a near one-electron transfer from the p-N N-dimethylanilino to the cyano-biphenyl group) (Aq=0.95 of electron.ic
charge), with large atomic orbital coeisicients at bond 2 around which the donor and acceptor groups decouple, leads to a strong increase in the overlap integral
on twisting away from the limiting 90° conformation. (c) The TICT state A¥ (x3 |.88%) involves an electron transfer from the 4-N N-dimethylamino-biphenyl
to the benzonitrile group (Ag=0.97), with strong sensitivity of the overlap integral to the twisting of bond 3. (d) The TICT state A¥; involves an electron
transfer from the p-N.N-dimethylanilino to the benzonitrile group (A9 =0.97). It is important to note that, in contrast with A* and A¥, the HOMO —» LUMO
overlap integral of the AY, state is much less dependent on the twisting of bonds 2 and 3.

Fig. 3(a) ), whereas DM-DCT (Fig. 3(b)) prefers a twisted
conformation in the ground state with the dihedral angle ¢,
higher than 60° and ¢; around 40°. In the ground state, the
energy minima for DCT and DM-DCT occur around 40°/40°
and 80°/40° (¢./ @3) respectively (Fig. 3).

After initial excitation, both compounds relax to a more
planar conformation. The minimum of the x; ' hypersurface
for DCT corresponds to ¢,/ ¢; of 20°/20° and for DM-DCT
to 60°/20° (Table 2).

The contour map in Fig. 4 shows the evolution of the
excited state dipole moment for the x; ' hypersurface as a
function of the angles ¢, and ¢;. The minimum in the excited
state (more planar than the ground state) possesses a notable
dipole moment (Table 2), as a result of a partial intramolec-
ular charge transfer, as illustrated in the planar conformation
of DCT in Fig. 2. We call this minimum in the excited state
the ICT state because it has a more planar conformation than
the ground state and a significant excited state dipole moment.

A crude estimation of the solvation energy has been cal-
culated from the dipole moment of the ground or excited state
conformer and has been added to the excited state energy in
the gas phase, yielding estimates for the changed sequence
of excited states after solvation. However, solvent-induced
changes in the wavefunction could not be taken into account
for this level of approximation.

The x; ' state of DCT in diethylether presents a flat surface
for a ¢, and/or ¢, angle between 0° and 60° (Fig. 5(a)),
with a slight minimum (attributed to the ICT state) at 30°.
For DM-DCT, in contrast, the ICT state corresponds to a
wide energy range around 60° for ¢, and 40° for ¢,
(Fig. 5(b)), without being a real minimum, quite different
to the gas phase (Fig. 3(b) ). However, for both compounds,
this surface presents some additional minima with regard to
the gas phase for the perpendicular conformations A, and A;
of DCT and A, of DM-DCT. Such results suggest that the

corresponding TICT states may be involved in the photo-
physical properties of these dyes. In addition, for both com-
pounds, a new TICT state A, in which the phenyl rings are
successively in an orthogonal relation along the single bonds
2 and 3, appears as a minimum. This new TICT state (A%;)
corresponds to a charge transfer from the N,N-dimethylani-
line to the benzonitrile group (Fig.2). It possesses an
extremely large dipole moment (51.7 D for DCT and 50.4 D
for DM-DCT) and presents the same symmetry (A) as the
ICT, A¥ and AT states, but with small orbital coefficients
over all the carbon atoms of the central phenyl ring (Fig. 2).

Thus, in diethylether, the semi-empirical calculations lead
to several minima in the first excited state for both com-
pounds: a charge transfer state (ICT state, moderately polar,
more planar than the ground state) and several TICT states
(A%, AT and A%, highly polar).

The relative energies (AEs") of the ICT and TICT
(A%, AY and AJ;) states for both compounds, as a function
of the solvent polarity, are collected in Table 2. Although
these values should be regarded as a qualitative guideline due
to the uncertainty in the Onsager radius, the main features
emerge clearly. In non-polar solvent (n-hexane), the ICT
state is the lowest excited state for DCT (AE{}?} = +0.1eV,
AEAL = +0.1 eV), whereas for DM-DCT, the TICT (A¥
state becomes the lowest excited state (A Ejér = —0.2 eV).
In polar solvents, such as acetonitrile, the TICT states AT,
A¥ and A%, are lower in energy than the ICT state. It should
also be mentioned that solvation induces a clear change in
the position of the ICT state towards a more twisted confor-
mation in polar solvents, especially visible for DCT.

To summarize, the quantum chemical calculations lead to
the following results relevant to fluorescence spectroscopy.
1. For DCT, in moderately polar and polar solvents, the TICT

states A¥ and A¥ are lower in energy than the allowed
ICT state. These two TICT states, which only differ in the
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Fig. 3. Gas phase energies of the ground state (S,) and of the first excited
state with A symmetry and with x| as the main character for DCT (a) and
DM-DCT (b) as a function of the internal rotation ¢, and ¢, from 0° to 90°.
For all these calculations, the energies and dipole moments of the ground
and excited states have been calculated every 20°, except when ¢,=0°
(¢3=0°) where the calculations were made every 5° for 0°< ¢, <80°
{0°< ¢, <80°) and every 2° for 80° < ¢; < 90° (80° < ¢, <90°).

twisted bond, are very close in energy (see Fig. 5(a) and
Table 2).

2. For DM-DCT, because of the steric interaction of the two
CH; groups with the ortho-hydrogen atoms, there is an
increase in the ICT state energy with respect to DCT.
Thus, even in non-polar solvents, the TICT state A¥ is
lower in energy than the ICT state (Table 2). Therefore
it can be predicted from the semi-empirical calculations
that DM-DCT should populate a TICT state with a higher
probability than DCT.

3. The TICT states Af* for both compounds and A¥ for DM-
DCT remain high in energy relative to the ICT or other

.
Ay . oo A3

Fig. 4. Contour map of the excited state dipole moment foreach conformation
of DCT with angles ¢, and ¢;. The relevant data of the planar and perpen-
dicular conformations are listed in Table 2.

TICT states, even in polar solvents, and are therefore
probably not involved in the photophysics of these
molecules.

4. The TICT state A%, is sufficiently stabilized in polar sol-
vents to become the lowest excited state for the two com-
pounds. It should be noted that, for aii the solvents, the
energy difference between A3'; and the ICT state is larger
for DM-DCT than for DCT. This corresponds to full
charge transfer with very small orbital coefficients on all
the carbons of the central phenyl ring, whereas the other
TICT states A¥ and A¥ possess large orbital coefficients
on the carbon atoms, which link the D (HOMO) and A
(LUMO) groups (Fig. 2).

3.2. UV-visible and fluorescence spectra

The absorption maxima and fluorescence characteristics of
DCT, DCT-B2 and DM-DCT are reported in Table 3.

The absorption spectra of the three compounds in aceton-
itrile are shown in Fig. 6. The absorption spectra of DCT and
DCT-B2 are similar to that of 4-N,N-diethylamino-terphenyl
(A (CH;CN) =330 nm [24] ), with the expected red shift
of the long-wavelength band due to stronger charge transfer
character owing to the presence of the cyano group (DCT:
A2 (CH,CH) =360 nm). Indeed, the lowest energy absorp-
tion band corresponds to adelocalized 7r#* excitation of high
oscillator strength (DCT: €(Et,0) =28 130 1 mol~! cm™!
and €(CH,CH) =27 540 1 mol ~' cm™"). This conjugation
band, polarized along the long axis, is blue shifted and has a
small oscillator strength, appearing as a shoulder at 330 nm
in DM-DCT (e(CH,CH) =81001mol ~!cm™!), because of
the large dihedral angle between the D and A moieties, which
prevents the conjugation (Scheme 1 and Fig. 3(b)). On the
other hand, the lowest energy absorption band is red shifted
by about 15 nm (in acetonitrile) for DCT-B2 with respect to
DCT because of the more planar conformation (in DCT-B2,
@, =0°).
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Table 2

Relative energies (eV) of the ground state (S,) and the ICT and TICT (A¥, A¥ and A%,) states and energy gaps (AEZST) in the gas phase and in solvents

of various polarity for DCT and DM-DCT calculated using Eqs. (1)-(3). For the ground and ICT states, the corresponding angles @,/ ¢; for the energy
minimum are shown and for all the states the dipole moments (D) are indicated )

Compound State Parameter Gas phase n-Hexane Et,O CH,CN
DCT So ol s 41°/41° 41°/41° 41°/41° a1°/41°
e 6.3 6.3 6.3 6.3
ICT® @/ o3 20°/20° 20°/20° 40°/40° 68°/40°
E, 4.16 3.70 3.25 2.80
™ 25.3 253 28.0 29.7
f 0.78 0.78 0.75 0.72
A¥ (90°/0°) E, 5.33 3.82 2.52 143
AER; +1.17 +0.12 -0.73 -1.37
A (0°/90°) E. 527 381 254 1.48
AER +L11 +0.11 -0.71 -1.32
A%, (90°/90°) E, 6.26 422 245 0.96
AERL +2.10 +0.52 -0.80 -1.84
DPM-DCT Sa @/ o3 78°/41° 78°/41° 78°/41° 78/41°
e 58 58 5.8 5.8
ICT* @:l @, 60°/20° 60°/20° 60°/40° 60°/40°®
E, 434 3.68 3.06 2.52
e 28.1 28.1 29.6 296
f 0.70 0.70 0.68 0.68
A¥ (90°/9°) E, 507 346 2.08 0.91
AES: +0.73 -0.22 -098 -161
A¥ (0°/90°) E, 821 6.78 5.54 450
AEY: +3.87 +3.10 +2.48 +1.98
AZ; (90°/90°) E, 6.11 3.93 2.05 046
AER: +1.77 +0.25 -1.01 -2.06

*The energy of the ICT state with A symmetry and x'., as main character is the lowest excited state.

*No real minimum with respect to transition towards the TICT state.

Energy (eV)

40

— 1,
Yo 80 M 60 0 4 0 2 10 0

P2

Fig. 5. Energies of the solvated excited S, state with A symmetry and x| character as a function of the dihedral angles ¢, and ¢3 from 0° to 90° in diethylether
for DCT (a) and DM-DCT (b). The solvation energies are calculated according to Eq. (3).

From non-polar to polar solvents we observe a small bath-
ochromic shift of the absorption maxima (Table 3) and a
large red shift of the fluorescence spectra of the three deriv-
atives. In polar solvents, the fluorescence spectra are struc-
tureless and red shifted, whereas in non-polar solvents

vibrational structure is observed, as illustrated in Fig. 7 for
DCT.

The dipole moment of the emissive excited state can be
estimated according to the treatment proposed in Refs.
[32-34] (Eq. (4)), where Af'=[(e—1)/(2e+1)] -
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Table 3
Absorption (AR3", nm) and fluorescence (Ao,
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max_nm) maxima, fluorescence quantum yields ( ;) and fluorescence lifetimes (7, ns) of DCT, DCT-B2 and DM-

DCT in solvents of different polarity (Af'=(€—1)/(2¢+ 1) —0.5(n*—1)/(2r®+ 1)) at room temperature. The radiative (k;, 10°s™") and non-radiative
(koo 107 s™') rate constants determined using Eqs. (5) and (6) and the transition dipole moments (M, D) calculated using Eq. (7) are also listed

Compound Solvent Af A Apa o % ke K M
DCT n-Hexane 0.09 352 406 0.79 1.2 G..0 17.6 7.2
Et,0 0.26 352 460 0.89 19 047 58 1.1
Tl-lF 0.31 360 501 0.95 22 043 23 79
CH,CN 039 360 562 0.83 29 0.29 59 8.4
DCT-B2 n-Hexane 0.09 368 410 091 14 0.65 64 73
Et,O 0.26 37 454 0.78 20 0.39 11.0 7.0
THF 031 377 505 0.70 2.1 033 14.0 7.0
BuCN 037 378 546 0.71 26 0.27 11.0 73
CH,CN 0.39 375 565 0.78 28 0.28 79 8.1
DM-DCT n-Hexane 0.09 267 408 0.48 14 0.34 36.8 5.2
Et,O0 0.26 266 476 0.64 5.6 0.12 6.2 4.1
THF 0.31 270 542 0.66 1.5 0.09 46 4.1
BuCN 0.37 270 612 0.08 2.1 0.04 46 34
CH,CN 0.39 269 640 0.01 0.5 0.02 198 28

The experimental errors are + 10%®, +0.1 ns®, +0.03% 10°s ™' (Eq. (5))°, £0.05% 10" s~ ' (Eq. (6))%and +£0.3 D (Eq. ()"

I(auw)

\
N \‘\\\\

" 25000 30000  350.00 40000  450.00
Wavelength (nm)
Fig. 6. Normalized absorption spectra of DCT (— —), DCT-B2 (— - —)

and DM-DCT (—) in acetonitrile. The molecular extinction coefficient
(€) of DCT at 358 nm is 27 540 I mol ~' cm ™' and that of DM-DCT at 267
nmis 34 670 lmol ' cm™'.

0.5[(n*—1)/(2n*+1)] represents the solvent polarity
parameter characterized by the dielectric constant € and the
optical refractive index n

—max A
Viuo = -Zﬂe(ue-#g)h—f,-*-const' 4)
cp

The ground state dipole moment of all the molecules is
taken to be equal to the value (pz=6.2 D) obtained by AM1
for the optimized geometry of DCT (see Section 2). The
solvatochromic slope m of a plot of ¥ vs. Af' yields the
value of 2u.(p. — pg) /hcp® (Table 4). The magnitude of .
may be obtained from the slope by estimating the cavity
radius (defined above) and the ground state dipole moment.
The excited state dipole moments (u,.) are collected in
Table 4: they increase along the series DCT (21.7D) < DCT-
B2(25.2D) <DM-DCT (27.3D). While thechange in slope

I(a.n)

,.m.,&
Fd

- N—
4000 4500 500.0 £50.0
Wavelength (nm)
Fig. 7. Normalized fluorescence spectra of DCT as a function of the solvent
polarity at room temperature in a-hexane (—), diethylether (— —)
and acetonitrile (— - —). The fluorescence quantum yields are listed in
Table 3.

R L

T <
€00.0 650.0

s

Table 4

Solvatochromic slopes m (cm™'), correlation coefficients (r), Onsager
parameter p (A), calculated from the mass density equation [35], and
excited state dipole moments p, (D) for DCT, DCT-B2 and DM-DCT,
derived from Eq. (4), taking into account the solvents listed in Table 3 with,
in addition, dibutylether (Af' =0.19)

Compound p Slope m r ud
DCT 5.3° 23800 0.99 21.7
49° 24880° 0.99¢ 22.8¢
DCT-B2 54° 22670 0.99 25.2
DM-DCT 5.1 31830 0.99 273

g =6.2 D (see text).

*Calculation including the butyl groups.

“Values obtained with 4-N,N-dimethylamino-4”-cyano-terpheny}; they dem-
onstrate the minor effect of the alkyl chain length.
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Fig. 8. Fluorescence quantum yields of DCT (&), DCT-B2 (@) and DM-
DCT (A) as a function of the solvent polarity (Af'=[(e—1)/(2e+1) —
=1/ + D).

clearly indicates some difference between the three deriva-
tives (Table 4), the absolute values of the excited state dipole
moments should be viewed with caution, because of the
uncertainty in the Onsager radius.

3.3. Fluorescence quantum yields and lifetimes and
radiative and non-radiative rate constants

The fluorescence quantum yields (¢;) of the terphenyl
derivatives in various solvents are collected in Table 3 and
Fig. 8. ¢; of DCT and DCT-B2 stays nearly constant at a high
value whatever the solvent, whereas for DM-DCT ¢
decreases by a factor of 50 from n-hexane io acetonitrile. The
decrease in the fluorescence quantum yield may resuit from
a decrease in the rate constant of fluorescence (k;) or an
increase in the rate constant of radiationless deactivation
(k.)- The rate constant of fluorescence at room temperature
is obtained experimentally as the ratio of the quantum yield
of fluorescence to the lifetime (7;) according to Eq. (5), and
the rate constant k,, is derived from Eq. (6). In the latter
equation, k,, includes a possible pathway to the triplet state.

kf=£r (5)
Te
k =Iq(-l—-— l) (6)
nr ¢f

The fluorescence lifetimes (7;) were measured at room
temperature, near the fluorescence maximum, in various sol-
vents (Table 3).

For the three compounds, a monoexponential decay is
always obsérved at room temperature. The fluorescence life-
times of DCT and DCT-B2 increase with the solvent polarity
(for DCT, 1.2 ns in n-hexane to 2.9 ns in CH,CN), whereas
for DM-DCT, after an increase in 7; from n-hexane (1.4 ns)
to THF (7.5 ns), a strong decrease is observed in polar sol-
vents (CH,CN, 7,=0.5 ns).

The radiative rate constant of fluorescence (ks) (Eq. (5))
and k,, data (Eq. (6) ) obtained at room temperature are listed
in Table 3. For the three compounds, k; decreascs as the
solvent polarity increases, but more strongly for DM-DCT.
The transition dipole moments M, which are related to the

radiative rate constant by Eq. (7) [36], are reported in
Table 3

647*

k.=
7 3p

n*vi | M|? (7

For DCT and DCT-B2, the transition dipole moments M
increase significantly with increasing polarity of the solvent
(outside the experimental error).

While there is no influence of the solvent polarity on
the absorption coefficient for the shoulder at 330 nm of
DM-DCT (log e(n-hexane) =4.49 | mol™! cm~' and
log e(CH;CN) =4.54 1 mol ™' cm ™), the transition dipole
moment (M) of the fluorescent state strongly decreases in
polar solvents, indicating a change in the electronic structure
of the emitting state due to interaction with the polar solvent.

The non-radiative rate constants are nearly solvent inde-
pendent for DCT and DCT-B2, but there is a strong increase
in k,, in more polar solvents than THF for DM-DCT. Except
for DCT-B2, k., is also enhanced in the non-polar solvent n-
hexane.

4. Discussion

With the help of the semi-empirical calcu:ations, the results
of solvatochromism, fluorescence quantum yields and life-
times vs. solvent polarity at room temperature can be dis-
cussed within the two-state model first proposed by Rettig
and Majenz [37] for the D-A stilbene series.

The absorption spectra of the terphenyls (DCT, DCT-B2
and DM-DCT) can be explained by the modification of the
molecular geometry in the ground state due to the change in
the torsional angles between the aromatic moieties. In these
molecules, the ground state conformation is the result of a
balance between two opposite effects: (1) conjugation
between the aromatic rings which is at a maximum for the
planar geometry; (2) repulsion between the proximate
hydrogen atoms in the bay regions, which favours twisting
around the inter-ring C-C bonds. As a consequence, ter-
pheny! derivatives and, more generally, poly(p-phenylene)
oligomers [38] are non-planar in the ground state. For DCT,
we have calculated the equilibrium torsion angies ¢, and @3
to be near 40°, while they have been measured to be ¢, =29.9°
and ¢; =23.3°in 4-N,N-dimethylamino-terphenyl from crys-
tal structure data [24]. Such a deviation between X-ray data
and theoretical calculations, which has often been observed
for the polyphenyl series, can be explained as a result of
competition between two interactions: intramolecular repul-
sion between the ortho-hydrogen atoms on adjacent phenyl
rings and intermolecular packing forces in the crystal, which
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tend to restore planarity in order to optimize the packing
between the molecules [39].

The absorption spectrum of DCT is similar to the absorp-
tion spectrum of the parent p-terphenyl [40], with the
expected red shift from the D-A interaction; however, for
DM-DCT, a blue shift is observed because of the steric inter-
actions, which decouple the dimethylanilino group from the
cyano-biphenyl part of the molecule.

In contrast, a strong red shift of the fluorescence spectrum
occurs in polar solvents for the three compounds. This bath-
ochromic shift is more pronounced for DM-DCT, as recently
illustrated in the biphenyl series [41,42], and points to a
larger excited state dipole moment associated with the quasi-
orthogonal geometry of the D and A part in DM-DCT.

Semi-empirical calculations of the excited state energies
in the gas phase for DCT and DM-DCT show that the lowest
excited state corresponds to a nearly planar conformation.
When the solvation energy is taken into account, the mini-
mum of the ICT state in DCT shifts to higher angles
(Table 2). This results from the increase in the excited dipole
moment at intermediate ¢,/ ¢; angles compared with the pla-
nar conformation, as illustrated by the contour map of the
excited state dipole moment presented in Fig. 4. For DM-
DCT, the geometry of the ICT state is changed only at bond
3 with the solvent polarity; ¢, keeps a value close to 60°
(without areal minimum in polar solvents), whereas ¢, shifts
from 20° in the gas phase to 40° in acetonitrile (Table 2).

The calculations indicate that, for DCT, the TICT states
A¥, A¥ and A%, are sufficiently stabilized in polar solvents
to become photophysically relevant, whereas for DM-DCT,
only A¥ and A¥; can be photochemically active. Indeed,
these calculations predict a population of these states for
solvents more polar than diethylether for DCT and in n-
hexane for DM-DCT (Table 2). However, experimentally,
the fluorescence quantum yields and radiative transition
moments M of DCT and DCT-B2 are nearly unaffected by
the solvent polarity (Table 3), whereas for DM-DCT, a
strong decrease occurs when the polarity of the solvent is
equal to or higher than that of THF (Fig. 8). Let us first
examine the case of DCT and DCT-B2.

The high fluorescence quantum yields of DCT and DCT-
B2, observed in all the solvents investigated (Table 3 and
Fig. 8), are due to the strongly allowed transition of the ICT
state, as shown by the M values. Similar results have been
described recently for 4-N,N-dimethylamino-4’-cyano-
biphenyl [41,42]. Nevertheless, a clear increase in the M
values is observed with increasing solvent polarity which
indicates an increase in the allowed character for the emitting
excited state(s). Taking into account the broad angular
distributions, the effective k; can be written as k=
fef(8)n(6)d0, i.c. the observable k; value derives from a
convolution of the 2zgular distribution function n(9) with
the angle-dependent f value [43].

Theoretical calculations predict for DCT (and for DCT-
B2) the population of TICT states A¥, A¥ and A%, in polar
solvents, and a global decrease in the M values is expected.

The opposite experimental result could indicate an overesti-
mation of the solvent stabilization (due to an Onsager radius
in Eq. (3) which is too small), and A¥, A¥ and A¥; may not
be sufficiently stabilized to become significantly populated.

However, glcbal analysis of the time-resolved fluorescence
of the bipheny!l system DM-DCB [42] indicates the TICT
state A¥ as an emissive species with a reduced transition
moment. Preliminary results on DCT and DCT-B2 in low-
temperature polar solvents also indicate more than one emis-
sive state [44]. The increase in the M values in polar solvents
due to the change in the ICT geometry can mask the popu-
lation of the TICT state, in particular if the TICT transition
is strongly allowed. For small deviations from 90° (a realistic
representation of a TICT rotational distribution [2,3,45]),
the 7 orbitals on D and A start to overlap if large coefficients
are present at the linking atoms, and we can expect for the
A¥ and AT states large coefficients at this carbon (Fig. 2)
allowing coupling with the ICT state from which they borrow
their allowedness.

For DM-DCT, only the population of the TICT state A¥
is relevant if we disregard AS; for a moment. However, the
decrease in the M values with the solvent polarity is different
from the behaviour observed for DCT and DCT-B2. Various
interpretations can be proposed.

1. The kinetic population of the TICT state from the ICT
state is faster for DM-DCT than for DCT and DCT-B2.
The semi-empirical calculations, when solvation is taken
into account, suggest a higher energy difference between
ICT and TICT for DM-DCT than for DCT (Table 2) and
a correspondingly smaller activation energy. For DM-
DCT, even in non-polar solvents, the TICT state is cal-
culated to be the lowest. This preferred stabilization of
the TICT state for DM-DCT, which has a similar excited
state dipole moment (u,3(DCT)=445 D and
1a2(DM-DCT) =43.3 D), results from the lower energy
difference in the gas phase between the ICT and TICT
states (Table 2).

2. The decrease in the radiative transition moment as a func-
tion of the solvent polarity has also been observed in other
diaryls, i.e. for compounds which are confined to a non-
planar geometry, such as 4-(p-N,N-dimethylanilino)-
l-cyano-naphthalene [12,13], 2,6-dimethyl-4-N.N-di-
methylamino-4'-cyano-biphenyl [41,42], 9-(p-N,N-
dimethylanilino)-phenanthrene [43], 9-(p-N,N-dime-
thylanilino)-anthracene [46] and 4-[2'-pyrenyl]-
benzaldehyde [47]. This effect has been interpreted by
an increase in the proportion of a less allowed conforma-
tion, which is related to an angular relaxation provess
towards a more twisted geometry. However, in view of
the solvent-independent calculated f values as a function
of the rotational angle (Table 2), we conclude that the
properties of the ICT state alone cannot explain the reduc-
tion in the M values observed for DM-DCT in more polar
solvents.

3. Finally, in addition to the TICT states A¥ and A¥, the
calculations predict a further minimum (TICT state A%;)
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in polar solvents, which may be photophysically relevant
for DM-DCT. The orbital properties of A3'; (Fig. 2), with
vanishing coefficients in the central ring, suggest that the
vibronic coupling between ICT and TICT, allowed by the
non-zerc width of the rotational distribution function, will
be weak or absent, and very low effective M values are
expected.

5. Conclusions

Three new D-A terphenyl derivatives (DCT, DCT-B2 and
DM-DCT) have been synthesized. The photophysical prop-
erties of these compounds have been measured in various
solvents and discussed with the help of quantum chemical
calculations.

The ground state conformational geometry has been cal-
culated by the AM1 method and the energy minima ( ¢,/ ¢;)
for DCT-B2, DCT and DM-DCT are 0°/41°, 41°/41° and
78°/41° respectively. The CNDO/S calculations indicate that
emissive TICT (A¥ and/or A¥) states may be populated for
the three derivatives, when solvation is taken into account.
In addition, a non-emissive TICT state A3 is also sufficiently
low lying in polar solvents to become photophysically
relevant.

The bathochromic shift of the emission spectra in polar
solvents and the resulting dipole moment values provide clear
evider.ce that the fluorescent excited state has a pronounced
charge transfer character.

For DM-DCT, the transition moment M decreases strongly
when the solvent polarity increases. This result has been
attributed to a higher proportion of TICT population with
respect to DCT, a less allowed character of the TICT state
for DM-DCT (A¥) and/or the population of a doubly per-
pendicular TICT state A¥; with more forbidden character.
The strong increase in the non-radiative rate constant (k,,)
in polar solvents, observed only for DM-DCT, points to the
specific properties of the TICT state AY'; with regard to those
of A¥ and/or AY.
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