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Highlights for: Long-range photoinduced charge

separation in Troger bases D/A dyads

e Two novel series of D/A Troger base (TB) dyads were synthesized and
characterized

e All TB dyads show large degrees of charge separation (CT) in their excited
states



e Depending of the D/A redox gap, CT can involve one or both N of the TB
diazocine ring

e For larger D/A gaps, TB dyads excited state dipole moments riche values ~24-35
D

e TB diazocine ring can behave as a = bridge

Abstract

Troger’s base (and its derivatives) are compounds comprised of two aromatic (or
polyaromatic) rings bridged by a diazocine aliphatic cycle. We report herein the
photophysical properties of two series of novel Troger's bases (TB) asymmetrically
substituted by electron donor (D) and electron acceptor (A) substituents. In TB series 3,
a carbonitrile group (A=CN) lies at the position 2 of the heterocycle, while position 8 is
occupied by a series of D with increasing reductant capacity: H (3a), CHs (3b), OCHzs
(3c) or N(CHs)2 (3d). A novel TB series (5a-5d) which comprise the same D, but a 2,2-
dicyanovinyl group (A=CHC(CN)2) as electron acceptor, was synthesized and fully

characterized. TB absorption (v,>) and emission energies (v¢ ), fluorescence
quantum yields (@ ) and emission lifetimes (7 ) were determined in a series of aprotic

solvents covering a wide range of medium polarity (e~2-38). v/, ®.andz. largely
depend on the polarity of the medium and the nature of D/A pair. From the
solvatochromic study on v£*, it is concluded that upon excitation TB’s develop large
degrees of charge separation (CT). Photophysically, 3a-3c resembles 4-(N,N-
dimethylamino)benzonitrile derivatives showing internal CT state dipole moments ( 4 )
of ~ 15-17 D. For 3d and the entire series 5, CT occurs throughout the diazocine ring
giving rise to giant 4 (> 25 D). This is indeed an unusual result, because it strongly

suggests that the aliphatic diazocine ring can couple the D/A redox centers as a = bridge

would do.

Keywords: Troger’s base, electron donor/acceptor dyad, charge transfer, giant dipole

moment, photophysics

Introduction
Troger (TB) bases and its derivatives are V-shaped, rigid and chiral compounds that

have attracted attention for decades due to their multiple applications, [1] such as



fluorescent probes [2], synthetic receptors, [3-4] supramolecular chemistry, [5] and
catalysts. [6] TB have been also explored as promising materials for the fabrication of
OLED [7], optoelectronic devices [8] and for non-linear optical applications. [9] We
report herein the synthesis and photophysical characterization of novel TB
asymmetrically substituted by the D/A groups (Figure 1) to better understand how these
substituents modify the absorption and emission properties of these synthetic dyes,

aiming to improve their structures for optoelectronic applications, among others.
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Figure 1: Molecular structure of TBs series 3 and 5

Materials and methods

TB series 3 and 5 were prepared following synthetic procedures recently developed.
[10] Experimental details of the synthesis as well as, of the experiments performed to
characterize the photophysics of the TBs are provided in the ESI.

Results and discussion

The most relevant information on the absorption properties of TB is summarized in
Table 1-ESI. Figure 2a shows the absorption spectra obtained for series 3 in
cyclohexane. Compounds 3a-3b exhibit two main absorption bands at ~250 and ~290
nm. Absorption of 3c is slightly red shifted and shows a moderate increase of the
(maxima) molar absorption coefficients. For 3d, D = N(CHs3)z, the absorption spectrum
is remarkably different. In all solvents studied, the spectra of 3d are clearly shifted to
lower energies and a new weak transition appears at ~370 nm. Interestingly, the
absorption spectra of TB series 3 are practically insensitive to the polarity of the
medium (see Table 1-ESI). Substitution of the CN group by a dicyanovinyl group
(series 5) leads to a large shift of the absorption to lower energies. Absorption spectra
obtained for series 5 in cyclohexane are collected in Figure 2b. TBs 5a-5¢ show two
bands between 300-450 nm, which apparently shift to the red and decrease in intensity

as the reducing power of D increases. Again, amine derivative 5d behaves somehow



differently. Both main absorption bands shift hipsochromically and the spectrum widen
to >450 nm.
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Figure 2. Absorption spectra of TB series 3 (panel a) and 5 (panel b) recorded in
cyclohexane at 298 K: a (black), b (red), ¢ (blue) and d (green).

Although TBs compounds show significant emission in the solid state, [11] they are

scarcely fluorescent in fluid media. For TB series 3, @ ranges between ~0.07-0.001,
while for series 5 @ values go between ~0.008-0. In general, @ decreases with

increasing solvent polarity and increasing D-A redox gap. Within a TB series the
emission efficiency follows the trend: a~ b > ¢ > d; and if TB series are compared,
always TB from series 3 emits more than the corresponding TB from series 5 (Table 1-
ESI). These observations are illustrated in Figures 3a and 3b. Figure 3a shows the
solvent effect on the (normalized) emission spectrum of 3a. As shown, 3a fluorescence
progressively shifts to lower energies as the polarity of the solvent increase. This result
suggests that the excited state of 3a is largely polar. It is interesting to note that
structurally, 3a is closely related to 4-(N,N-dimethylamino)benzonitrile (DMABN).
DMABN has been extensively studied due to its unusual dual fluorescence, which arises
from local excited (LE) and twisted internal charge transfer (TICT) states. [12]
However, none of the TB studied here show dual emission. This is probably due to the
TB’s molecular rigidity that makes free rotation of N (in p- position to the CN group)

impossible. In fact, the photophysical behaviour of 3a is quite similar to the observed



for 6-cyanobenzquinuclidine (CBQ) [13], a rigid derivative of DMABN. In CBQ and
other related compounds (see Scheme 1-ESI), the N lone pair is nearly perpendicular to
the «t system (as in TB) and therefore, emission occurs almost exclusively from the
TICT state. In addition, @ (<0.08) and 7 (~1.09 ns) values determined for CBQ in
cyclohexane and its (TICS) excited state dipole moment (~13-15 D) are in very good
agreement with those calculated for 3a (vide infra). Figure 3b shows the normalized
fluorescence spectra of series 5 in cyclohexane. As shown, TB’s emission increasingly

shifts to lower energy with increasing D reducing capacity. Also @ _ decreases

markedly; for 5d the emission efficiency is so low (~10-%) that Raman dispersion of the

solvent can be observed.
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Figure 3. a) Emission spectra of 3a recorded in aprotic solvents at 298 K: cyclohexane
(magenta), butyl ether (blue), ethyl acetate (red), dichloromethane (black) and
acetonitrile (dark green). b) Emission spectra of TB series 5 recorded in cyclohexane at
298 K: ba (black), 5b (blue), 5¢ (green) and 5d (red). Peaks denoted by * corresponds to
the Raman dispersion of the solvents. Emission spectra were obtained by 280 nm

excitation for series 3 and 380 nm for series 5.

Table 1-ESI also collects 7. values measured for those TB/solvent systems with @

larger than ~107. In most cases, emission profiles could be fitted to a monoexponential

decay function. Exceptions are 3d, 5¢ and 5d in cyclohexane and 3d in buty! ether,



which apparently decays biexponentially. Unfortunately, the low @ _ observed for these
TBs made technically impossible to perform time resolved emission spectra (TRES)
experiments aimed to unravel this behaviour. From the analysis of data in Table 1-ESI,
clear trends of 7., the radiative (k,= ®_/z.) and nonradiative (k,, = 1/7. -k ) rate
constants with solvent polarity can be found. For both TB series, 7. increases with
increasing solvent polarity while k, and k. decrease. This behaviour is typical of

excited states exhibiting large degrees of CT (inter and intramolecular exciplexes, TICS,
etc.). Laser flash photolysis experiments conducted for 3a and 3d in cyclohexane and 3a
in acetonitrile did not show absorptions due to the formation of triplet excited species in

the 0.5-200 us time scale. From these results it is concluded that TBs singlet excited

states decay mainly via internal conversion. The low ®_ observed for TB series 5 is

due to the efficient nonradiative deactivation processes that affect these bases.
Interestingly, 2-[4-(dimethylamino)benzylidene]) malononitrile (structurally related to

5a, see Scheme 2-ESI) shows a similar behaviour. [14] The large k,, observed for these

compounds is apparently due to the dicyanovinyl group which provides extra

(rotational) energy acceptor states that favour the horizontal radiationless transition.

max

In Figure 4, the experimental values of v.* are plotted according to Lippert

solvatochromic model. [15] For pull-push chromophores (vide infra), v/~ solvent

dependence is conveniently interpreted according to:
v;“ax;M(ﬂ;—;g)/hcag]f(g,n2)+cF, 1)

where, 1 and g, are the (vector) dipole moments of the relaxed singlet excited (S;)
and unrelaxed ground state (S ), respectively, a represents radius of the Onsager's
solvent cavity, C, is a constant for a given fluorophore and f (&,n? ) is the Lippert

parameter (see ESI). Therefore, from the slopes of the plots in Figure 4 raw estimates of

4, cane obtained if a and g, are known. As shown in Figure 4, the slopes of the
Lippert plots for 3a-3c are similar (Table 2-ESI). Using for a and g, (considered
parallel to 4 ) the same values assumed for CBQ;[7] i.e.: ~0.4-0.5 nm and ~4.05 D,

respectively, a 4 ~ 15-17 D is calculated for 3a-3c. Since this value agrees very well

with that reported for CBQ, it seems reasonable to propose for 3a-3c that CT in the



excited state only involves the first N of the diazocine bridge; this is, the one which is in
the same phenyl ring as the CN group. Interestingly, for TB with larger D/A redox gaps
(3d and 5a-5c) slopes are also similar but considerably larger as compared with 3a-3c.

Hence, taking into account that in the excited states of 3a-3c (as well as in CBQ,

DMABN, etc.) nearly full charge separation is already achieved, (i.e.: s o r|q| with
|q| ~1 electronic charge in atomic units), the only way to explain the increased Lippert

plots slopes observed for 3d and 5a-5c is that separation (r) between opposite charge
densities grows considerably. Accordingly, we propose that excitation of 3d and 5a-5¢
leads to CT states that extend throughout the entire molecular structures and involves
both TB’s phenyl rings. Note that although a crude estimate of a for these systems

would be feasible using molecular models, CT occurring between the two TB aromatic

rings would make x, and g, not parallel precluding any realistic estimation of
4 (45 — 14 ). Still, preliminary TDDFT quantum mechanical calculations support this

interpretation and predict for 3a-3c g in the order of 15-17 D and values of 24-35 D
for 3d and 5a-5c¢. For instance, Figure 5 shows the calculated transition density for S,

4, and g for 5¢ in ethyl acetate. For details see ESI and Table 4-ESI. It is interesting

to remark that these TBs both rings containing D and A centers are connected through
an aliphatic bridge, thus turning this long-range CT unusual per se. However, an
effective connection between the D/A centers bridge by the diazocine moiety was not
completely unexpected. Indeed, such unusual electronic coupling was already observed
for symmetrical TBs upon dark one-electron oxidation. [3] Detailed ab initio
computational calculations are currently being attempted to fully explain this unusual

D/A coupling, results that will be reported shortly.
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Figure 4: Lippert plots for TB series 3 (blue) and 5 (red): a (squares), b (diamonds), ¢

(triangles) and d (circles).
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Figure 5: (a) Calculated transition density for the emitting CT state (S, ) of 5¢ in ethyl

acetate as model solvent. The isosurface was obtained as the difference between the
total electronic density of the upper and lower states. It resembles the difference
between the main donor and acceptor orbitals (in this case HOMO and LUMO, see also
ESI Figure 1-ESI). Isosurfaces scales corresponds to red = - 0.008 e (accounting for all
donor or starting orbitals) and blue = + 0.008 e (acceptor or final orbitals). The resulting

marked CT from the anisyl to dicianovinyl moieties explains the huge increase in the

dipole moment of the S, with respect to S; . (b-c) Calculated dipole moment vectors for

the S;and S states, respectively (scale factor of 0.51 for both).

Conclusions

All TBs studied show clear pull-push behaviour. TBs with smaller D/A redox gaps
separates charge from the diazocine N to the CN acceptor group and behave similarly to
rigid DMABN derivatives. However, for the TBs with large redox gaps, CT can involve
the whole molecule, from edge to edge, creating very large excited state dipole
moments. In these cases, TBs behave as compounds where D and A edges are
electronically coupled through a = bridge. This feature, combined with its molecular
shape and rigidity, will allow the design of new TB structures with improved properties

for various applications, particularly as optoelectronics materials.
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