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Abstract

The photophysical properties of N.V'-di(9-anthracylmethyl ) hexahydropyrimidine 1 and its anafogues are reported. The electronic spectra
and kinetics of these compounds are studied over a range of solvent and temperature conditions. It is shown that the unique structure of 1
leads to the formation of a very stable (7= 120 ns) anthraceny! diadduct. The results also suggest that the viscosity, but not the polanity, of
the solvent plays an important role in excimer formation,  © 1997 Elsevier Science S.A.
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1. Introduction

A number of workers have studied the photophysics apd
photochemistry of bichromophoric molecules. Inthe majority
of these systems, the chromophores are connected via tethers
which allow a large number of conformations. This study
explores the photophysics of a new bichromophoric sysiem,
the anthracene diadduct NN'-di(9-anthracylmethyl)-
hexahydropyrimidine 1 (Scheme 1), in which th2 number of
available conformations is constrained. In addition, the
important influence of the solvent on the reaction dynamics
is investigated. Excimer formation in 1 appears to be strongly
influenced by the distance and strain between the
chromophores.

Compouad 1 can undergo two reactive relaxation pro-
cesses in the excited state: excimer formation and electron
transfer (or exciplex formation). It does not appear to form
the well-known anthracene photodimer, presumably because
of the steric constraints designed into the molecule between
the two anthracene chromophores. In this work, we examine
the available relaxation pathways and their solvent depend-
ence. In addition, the reaction coordinate for excimer for-
mation occurs within well-defined geometrical constraints
compared with other less constrained systems [ 1-4]. The
presence of the nitrogen atoms in the central ring introduces
an electron transfer channel, i.e. transfer from the nitrogen
lone pair to the anthracene acceptor. This quenching of the
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Scheime 1.

local emission of anthracene has also been reported for other
amine systems [5-7]. The two reaction channels, excimer
formation and ¢lectron transfer quenching, ase competitive
processes. The solvent viscosity and dielectric properties
{polarity) modify these reaction rates, but in different ways.
For example, the viscosity plays an important role in excimer
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formation, but is not so important in electron transfer. Coti-
versely, a change in polarity has litlle effect on excimer
formation.

Before describing the present results, it is useful to revicw
previous work. The excimer properties of anthracene and its
derivatives are quite rich. However, the excimer emission of
anthracene in solution was not reported uniil 1976 [8]. The
anthracene excimer exhibits weak emission because of the
efficient formation of the photedimer of anthracene [2]. It
has been postulated [ 3,9] that the excimer of anthracene isa
precursor to the formation of the photodimer. A number of
workess [ 10,11] have studied intramolecular excimer for-
mation in anthracere diadducts. When the anthracenes are
constrained from forming the photodimer, exchiner emission
is observed. Other researchers have shown that substitution
at the 9 and 10 positions of anthracene allows intermolecular
excimer formation, but prohibits photodimer formation. To
summarize, the excimer will graceed to form the phoiodimer
efficiently unless the system is geometrically constrained.

A very detailed and fruitful study of the anthraceneexcimer
was performed by Huyashi et al. [10]. By synthesizing a
series of anthracenophanes and dianthrylethanes, these work-
ers were able to show that the anthracene excimer can exist
over a range of geometries (see Fig. 1). In addition, they
showed thar the distinct excimer geometries have different
stabilities and that only a subset of the excimers proceeds
onwards to form the photodimer. On a qualitative level, we
may deduce a “‘rule of thumb’" from their work. For geom-
etries in which the anthracene rings overlap by asingle phenyl
unit ( type I), the excimer emission has a peak in the 460 nm
region. For geometries in which the anthracenes overlap by
two phenyl units (type II), the excimer is more stable than
type land theemissionis in the 570 nm region. For geometries
in which *he anthracenes overlap by three pheny! units (type
IR}, the excimer is most stable and emission accurs in the
620 rm region. Although oversimplified, this rule of thumb
shows that the position of the excimer emission reflects the
extent of physical overiap of the anthracene ring systems.

This work is structured into four sections. In Section 2,
the detaiis of the synthetic, computationai and physical meth-
ods are described. In Section 3, the speciral observations,
solveni cffects on the excimer kinetics, structural character-
ization of the compounds and theoretical calculations are

TYPE I

Fig. 1. Two types of anthracene excimer: type I, one phenyl ring overlapped;
type {1, two phenyl rings averlapped. These 2 i
spectral emissions.

relate withdistinct

described. In Section 4, these observations are used to pro-
duce a model for the photophysical and photochemical refax-
ation pathways. Finally, some conclusions are drawn.

2. Experimental details
2.1. Solvents

All solvents were purchased from Aldrich unless otherwise
specified. The hydrocarbons, other than methylcyclohexane,
were used as received. Methylcyclohexane was distilled over
sodium. Other solvents were purified acenrding to standard
procedures [12}].

2.2. Synthesis

The synthesis of 1 is described here. In 50 mi of anhydrous
ethanol, 4.12 g (20 mmol) of 9-anthraldehyde was mixed
with 0.74 g (10 mmol) of 1,3-propyldiamine. The mixture
was heated to reflux for 1 h and then cooled to room temper-
ature. The imine precipitated from solution and was collected
by filtration (4.2 g was collected (93%) ). The product was
used directly for the next reaction step. The imine (2.25g,5
mmol) was placed in 80 ml of isopropanol with 2 g of NaBH,
under a positive pressure of nitrogen. The solution was
reflused for 20 h. After cooling o room tempesature, the
sotution was further cooled in an ice-water bath. Atthis point,
crystallites formed and were filtered (1.9 g was collected
(85%)). This compound is 2 (Scheme I; verified by 'H
nuclear magnetic resonance { NMR) and melting point 109--
110 °C). Using a 50 ml Erlenmeyer flask, the above product
(0.23 g, 0.5 mmo!) was dissolved in 20 ml of anhydrous
ethanol, to which a few drops of formaldehyde (37% in H,0)
were added. The solution was heated by a steam bath for 10
min. After standing and cooling, needle-like crystals formed
(0.2 g, 87%). This product was repeatedly recrystallized.
The melting point of the final product 1 was 192-192.5 °C.
The ideatity of 1 was verified by 'H NMR and high resolution
mass spectrometry.

Compound 4 was prepared by adding p-methylbenzalde-
hyde instead of formaldehyde in the procedure outlined for
1. Compound 4 was purified by recrystallization and its iden-
tity was verified by high resolution mass spectrometry. The
melting point of 4 was 2}1-213 °C. Compound 5 (N.N'-
di( S-anthracylmethy!)tetrahydropyrimid-2-one) was pre-
pared by adding dipheny] carbonate instcad of formaldehyde
in the procedure outlined for 1. Single crystals of 5§ were
obtained from a solvent mixture of methylene chloride—ether.
The crystallographic analysis was performed by Steve Geib
of the University of Pittsburgh, using a Siemens P3 diffrac-
tometer {Mo Ka) (see Fig. 7).

The compound N-(9-anthracylmethyi)pipcridine 3 (ielt-
ing point, 130-131 °C) wu; synthesized by adapting a liter-
ature procedure [ 13}, Its identity was verified by '"H NMR
and high resolution mass spectrometry.
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2.3. Instrumentation

A range of commercial instrumentation was employed in
these studies. An SLM 8000 fluorometer was used for the
fluorescence and excitation spectra and an IBM UV-visible
(model 9420) absurption spectrometer was used for the
absorplion measureme::ts. Both NMR speciroscopy (Bruker
300 MHz) and mass spectrometry (V.G. Fisons 70-G) were
used to identify and characterize the compounds prepared.

The time-resolved {luorescence transients were measured
using the time-correlated, single-photon counting tecknique.
A general introduction to this technique is available [ 14] and
specific features of this apparatus have been described pre-
viously [15]. Some items have changed since this report. In
particular, 2 DB 10 dispersion-fiee monochromator was used
in the detection arm and the fluorescence photons were
detected with a microchannel plate photomultiplier tube
(containing 6 wm channels, Hamamatsu R3809U). The
decay transients were fitted to a sum of exponentiais by iier-
ative convolution with a measured instrument response func-
tion and the Marquardt-Levenburg algorithm was used to
optimize the goodness of fit. Typical y values ranged from
1.0to L5,

3. Results

3.1, Steady state spectroscopy

Fig. 2 shows the fluorescence spectra of species 1,2, 3, 4
and 9-methylanthracene in methyleyelohexane. These spec-
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Fig. 2. Emission spectra of Y-nethylanthracene and compounds 1. 2 and 3
are shown in (a). Spectra for 9-methylanthracene and 1 and 4 are shown in
(b). The broad structureless emission, indicative of the excimer, is apparent
for compound 1. A weak, red-shifted emission is alsoevident forcompounds

2-4. 9-Methylanthracene (
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tra were obtained at rovin temperature and at a sample opeical

density (OD) of 0.1 for an excitation wavelength of 366 nm.

The spectra in Fig. 2 are normalized to the emission intensity

at 411 nm. The reference spectrum in Fig. 2 is that of 9-
methylanthracene, which clearly reveals vibronic struciurein
the local emission band and no broad emission. Fig. 7(a)

shows that compounds 1, 2 and 3 have 2 vibronically resolved
emission band, similar to 9-methylanthracene, and, in addi-
tion, a contribution from a broad structureless emission at the
red edge. The spectra of 2 and 3 show a slight distortion from
the reference spectrum, but oaly 1 has a dramatic broad emis-
sion band. Fig. 2(b) compares the emission spectrum of 1
with that of compound 4 which contains a tolyl moiety oa the
pyrimidine ring between the anthracenes. Compoundd shows
the vibronic structure observed in 1-3, but does noi exhibita
strong, structureless emission at the red edge. The emission
spectrum of compound 5 is not plotted in Fig. 2, because it
is indistinguishable from that of 9-methylanthracene. From 2
consideration of these data and the molecular strucrures, it
can be concluded that the enhanced broad emission ia 1 3
related to the spatial overfap of the anthracene moieties: exci-
mer formation. In addition, it is clear that the weaker broad
emission is not related to this interaction between the anthee-
cene rings.

The spectra were also studied as a function of the corcen-
tration of the chromophore. For species 1, the relative mag-
nitude of the broad emission does not change with
concenteation {from 107% to 107* M), in contrast with the
monomer ( or lecal) emission. Except for an overall intensity
change and the minor effects of self-absorption o the blue
edge, the spectra are identical. A concentration dependence
of the emission spectrum of 3 (from 10710 107 M) gives
a similar result. These results show that the broad emission
band in these species results from intramolecular rather than
intermolecular processes.

The absorption and excitation spectra of the compounds
were also studied. The absorption spectra of compounds 1-5
are fairly similar, This observation suggests that theelectronic
interaction between the anthracene rings in the ground state
is small. In addition, the excitation spectrum of I was studied
at three different emission wavelengths (388 nm in the mon-
omer band, 505 nm in the broad emission band and 550 am
in the broad emission band). The excitation spectra are iden-
tical, indicating that the initially excited state is the same for
the different emission bands.

The overall intensity of the luminescence emission
depends on the solvent polarity, but the spectral position of
the emisston is not a strong function of the solvent polarity.
Table 1 shows the relative quantum yields of emission for
compound 1. It is clear from these data that the total emission
quantum yield decreases significantly as the solvent polarity
increases. Fig. 3 shows the emission difference spectra for 1
in four solvents { methylcyclohexane, methanol, acetonitrile
and CH;Cl,). The 9-methylanthracene spectrum, which does
not change noticeably between these solvents, was used as
reference. The difference spectra were computed by subtract-
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Table 1
Quantum yizld® data for 1 in different solvents at room temperatuse

Solvent L Gexl P € 7 (cP)
Methylcyclohexanc 0.11 049 0.024 0.679
CHCL, 0.0095 057 893 0413
Metiano! 00083 042 330 0.54
Acctonitrile 0.0013 042 36.64 0369
Polystyrene - 00 - -

*All quantum yields are refk d to 9-methy} (0.33) [16]. €is
the static dielectric constant: 7 is the solvent shear viscosity: @, isthetotal
emission quaeium yield; dxy is the excimer quantum yield.

0.80;
3
L
=
2 :
2 oa0id §
i
3
B
[-]
]
['4

450 500 550 600 650

A (nm)
Fig. 3. Emission differcnce spectra for 1 in methylene chloride (CH,Cls),
methykeyciobexane {MCH), acetonitrile { ACN) and methanol {MeOH).

Table 2
Quaatum yield Jata in different solvents at reom temperature

Solvent 1 2 3 4

Methylcyclohexane 011 - G6.028 0.32
CH,Cl, 0.0095 0.13 0.0045 0.33
Methano! (.0083 0.04 0.0045 0.30
Acetonitiile 0.0013 0.0075 <0010 0.29

ing the emission spectrum of 9-methylanthracene from the
smission spectrum of I (all spectra were normalized at 411
nm vefore subtraction), The broad emission does not shift
strongly with solvent polarity; however, the range of polari-
ties available for study was testricted because of strong
quenching. In addition, the relative quanium yield of the
2xcimer ( Pex! o) does not change significandy between
solvents. These observations indicate that the broad, red-
shifted cmission of 1 does not have significant charge transfer
character. For compounds 1-4, the overall emission quantum
yield is strongly quenched by more polar sofvents (Table 2).

3.2. Speciroscopv and kinetics of excimer emission in 1

3.2.1. Temperature dependence

The relative intensities of the local and excimer emission
in the strady state emission spectrum of 1 in methylcyclok-
exane vary as a function of the temperature. Fig. 4(a) shows
the emission spectrum as a function of the temperature. It is
clear that the monomer emission decreases with increasing

temperature and that the broad (or excimer) emission
increases with increasing temperaturc (note the clear pres-
erce of an isoemissive point). Fig. 4(b) shows a piot of the
relative quantum yield of the lecal and excimer emission as
a function of the temperature. This plot demonstrates that the
total fluorescence yield is relatively flat over this temtperatire
range, whereas the relative amounts of cxcimer and local
emission change. It is clear from these curves thal the for-
mation of the excimer decreases as the temperature of the
solvent decreases, and this trend is reflected in an opposite
dependence for the monomer emissicn. With the caveat that
the temperature range is only 40°C (from — 14°Ct024°C),
an activation 2nergy of 5 kJ mol ™' is found.

3.2.2. Viscosity dependence

Solvent studies reveal that the excimer emission is influ-
enced by the solvent viscosity [17]. Fig. 5¢a) shows the
emissinn spectra for 1 in several hydrocarbon solvents. A
good correlation is found between the quantum yields of
excimer emission and the viscosities of straight chain alkane
solvents (Fig. 5(b)). Further evidence for the visgosity
dependence comes from the spectra of 1 in a frozen matrix
(methylcyciohexane at 77 K) and in the solid phase (poly-
styrene at 298 K). For both of these conditions, no evidence
of the broad emission band is found. When methylcyclo-
hexane is melted and the polystyrenc is dissolved in meth-
ylene chloride, the broad band reappears. These results l>m-
onstrate the sensitivity of the broad band emission to the
solvent viscosity.
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Fig. 4. (A) Emission spectra recorded at different temperatures tor 1 in
methylcyclohexane. (B) Temperature dependence of the quantum yietds
for the excimer ( gy ). monomer { ¢y} and total emission ( d,,,,) (see taxt
for details).
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Fig. 5. {A) Emission spectra of 1 in alkane solvents at 298 K. Each spectrum
is labelled by the number of carbon atoms in the solvent. (B} Ratio of
excimer 10 monomer quantum yield for the specira as a function of the
solvent viscosity. The broken line shows a fit to 2 power law form (Eq. (1))
and the full line shows a fit to the hydrodynamic Kramers model (Eq. (2)).

3.2.3. Time-resolved spectroscopy

The time-resolved fluorescence decay of 1 was measured
at different emission wavelengths in methylcyclohexane at
room temperature. The results are presented in Table 3.
Because of the red tail of the monomer emission and, possi-
bly, the weak exciplex emission, it is somewhat difficuli to
determine accurately the risetime of the excimer emission.
Three excimer emission decays, taken at different wave-
lengths, are plotied in Fig. 6. The risetime of the decay curve
increases as the ohservation wavelength{s) is moved to the
red, T shift occurs because the excimer emission becomes
less contaminated by the monomer emission as the wave-
length is moved to the red. A comparison of the decay para-
meters for the monomer and excimer Kinetics shows the
expected behaviour, ie, the risctime of the excimer
approaches the decay time of the monomer. This contami-
nation of the excimer emission by the monomer has been
reported previously in «elated systems {§,18].

3.3. Structural studies of compounds I and §

Two sets of structutal investigations were periormed:
crystat structures and computational studies.

It was possible (o prepare single crystals of § and obtain
crysial structures. For comparison, a geometry of § was com-
puted by performing a geometry optimization at the AMI
level [19]. The crystal structure and computed geometry are

Table 3

Decay p s for the and of § in methwl-
cyclohexane at different emisston wavelergths

A (nm}) 4 (%) (%) T (%)

410 - 0.34 (38.9) 5911
540 016 ( - 10D) 0.76 (50) 112058
570 0.09 ( ~ 100) - 116.9 (108)
600 0.08(-74) 0,63 {~26) 1206 (195)
630 0.10(-74) .65 (~26) HIBT (108)

The decay profiles were fitted to a sum of up to three exponcmtials. The
lifetimes 7 are reportad in nanoscconds.
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Fig. 6. Early time nchaviour of the ¢mission profile of 1 in methyleyclo-
hexane ai three different emission wavelengths.

plotted together in Fig. 7. In this figure, the crystal structare
of 5 is represented by full lines and the computed structure is
represented by broken lines. The solvent molecules (meth-
ylene chloride) shown here were in the actual crystal strec-
ture, but were not present in the computational structure. The
average difference in position is 0.18 A ztom™". The good
agreement between the crystal geometry and the computed
peometry demonstrates that this level of theory is useful 2s 2
qualitative and semiquantitative guide for the probable
molecular geometries.

Molecular geometries were computed for compounds 1
and 3-5 at the semiempirical level of quantum theory, A full
geometry optimization was performed for alf molecules using
the AM1 hamiltonian. A normal mode analysis was per-
formed at the same level of theoty to confirm that the grouad
state geometry thus obtained was not a transition stase. The
optimized geometries for 1,4 and § are shown in Fig. 8. The
upper figure in each panel shows the entire molecule, whereas
the lower figure has the bridging unit removed so that the
relative orientation of the anthracene rings is more apparent.
Table 4 contairs some of the relevant geometrical parameters
for these structures. The anthracenes in 1 are neasly planar
with an angle between the two ring planes of about 20°. The
shortest distance between the rings is 4.4 A. In fact, approx-
imately two of the aromatic rings of the twocovalently linked
anthracenes overlap witheach other. By conirasi, the diamide
functionali*y in 5 changes the ring geometry so that the
anthracenes are further apart, making excimer formation less
likely. The optimized geometry of 4 leads to similar conchi-
sions. The presence of the tolyl group causes a distortion of
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Fig. 8. Mosi stable geometries, found using AME, for molecules 1, 4 and 5. The upper figure shows the entire molecole and the lower figure has the bridging

unit removed,

Table 4

Summary of some of the g ical p ters computed for the different anthracenyl diadducts

Molecule Angle hetween long axes Angle berween 9-10 and 9'-10" axes 9-9 distance Angle between N-C-C% and N*-C'-C9%"
1 23 52 492 120.2/1210

3 - - 120.1/-

4 120 1090 542 115.4/1144

5 1295 6.77 115.8/1158

the structure away from that of 1 so that the anthracene rings
are rotated to a nearly perpendicular interplanar orientation.
Itis clear from these results that compound 1 has a favourable
geometry for overlap of the anthracene ring planes.

3.d. Theoretical calculations

The optimized geometries were used to compute the self-
consistent field (SCF) molecular orbitals and their energies
at the AM1 [19] and INDO [20] levels. The spectroscopic
properties were obtained using the version (INDO/S) suit-
able for the reproduction of experimental UV—visible spectra,
The ground state calculation was followed by a configuration

interaction of the 101 lowest single excited configurations
from the INDO/S ground state. Transition moments were
calculated using the dipole length operators. The calculated
oscitlator strengths within the INDO/S level are knewn tobe
overestimated [21].

The molecular orbitals and energies for all the molecules
were obtained within the supermolecule model [221. In this
model, molecular orbitals are generated for the entire mole-
cule. The advantages of performing supermolecule calcula-
tions are twofold. First, it is easier to perform the calculations
and, second, it has been shown by Chandra and Lim [23]
that these calculations can be used to explain the excimer
properties. The energies of the frontier orbitals for molecules
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Table §

Computed state energies and oscillator strengths for compounads 1, 4 and 5

State Energy of 1 fofl Energy of 4 fofd Energy of § fof§
S 29259 0.030 29329 0.210 20409 $.260
5, 29530 0.005 29538 0.030 29593 8015
S 29573 0.041 29595 0.030 29597 9967
S 29950 0452 29888 0.320 29830 0.330

The energies are given in units of cm ™' and £is the oscillator strength.

1, 4 and § are shown in Table 5. Also shown are the contri-
butions from the two anthracene rings to the wavefunctions.
An analysis of the few highest cccupied molecular orbitals
(HOMOs) of molecule 1 reveals that HOMO, HOMO - 1
and HOMO — 2 are delocalized over the two anthracene moi-
eties. An analysis of the few lowest unoccupied molecular
orbitals (LUMGs) reveals that LUMO, LUMO+ | and
LUMO + 2 are localized on either anthracene for molecule 1.
In fact, the HOMO has contributions of 60% and 40% from
“ring 1" and *‘ring 2'* respectively, while HOMO—1 has
40% and 60% contributions from “‘ring 1" and “‘ring 2",
HOMO -~ 2 has equat contributions from the two anthracenes.
Energetically, HOMO and HOMO — { are nearly degenerate
with a splitting of around 0.019 eV, whilst LUMO and
LUMO+1 are also nearly degenerate with a splitting of
0014 eVv.

This delocalization should be contrasted with the results
for the related molecule 4. For 4. the frontier orbitals are more
localized than in the case of 1. For 4, HOMO, HOMO -3,
LUMO+1 and LUMO+ 3 are localized on “‘ring 1"* and
HOMO -1, HOMO -4, LUMO and LUMO+ 2 are local-
ized on *ring 2", HOMO —2 is localized on the phenyl ring
between the two anthracene rings. The splitting of HOMO
and HOMO-1 is 0.051 eV, whilst that of LUMO and
LUMO + 1 is 0.155 eV. Similar conclusions may be drawn
for the orbital structure of molecule 5. In the case of §, the
splitting of HOMO and HOMO—1 is 0.047, and that of
LUMG and LUMO + 1 is 0.029.

Molecule 3 provides a useful reference point because it
contains only one anthracene ring. The HOMO and LUMO
of 3 are shifted to lower energy with respect to those of 9-
methylanthracene. The two singlet excited states of 3 are
calculated to be S, at 28 536 cm ' and S, at 29 065 cm ',
with oscillator strengths of 6.019 and 0.250 respectively. The
relative size of these oscillator sirengths agrees well with
expectations for the excitation of the L, and L, states of
anthracenes. The four excited states of 1, 4 and § result from
the two close-lying excited states ( in 3 they are only separated
by 0.1 eV) on each anthracene ring and the interaction of
these states between the two rings. For 1, the calculations
indicate that the first three excited states have a small value
for the oscillator strength from the HOMO, while the §, states
of 4 and 5 have much larger oscillator strengths. An analysis
of «he excited states of these molecules reveals that the local-
ized excited state in each ring contributs approximately 48%
tothe S, state of 4, thus leaving a contribution of 4% coming

from transitions between the rings. The nature of S is similar
to that of §,. The S, and S, states have nearly 50% consri-
butions for each of the “‘inter’” ring transitions. A similar
analysis holds for molecule 5, In molecule 1, the transitions
from the ground state to excited states Sy, S, and 3, have
iarger or equal contributions from excitations between the
anthracene rings compared with excitations within the anthra-
cene rings. In contrast, the transition to S, of § has almost
100% contribution from within the anthracene ring. It scems
reasonable that the excitation studied in the experiments
above involves an initial excitation into S, with a subsequent
emission from S, for the local emission and from one or more
of the other singlet states for the excimer emission. I the
cases of 4 and 5, the two rings are nearly perpendicular (see
Table 4) and hence the mixing of the orbitals is different
from that of 1. A detailed analysis of the wavefunctions and
mixing of the various configurations will be presented
elsewhere.

The calculated absorption spectra for these compousnds
show similar trends to those abserved in the experiments. Al
the compounds show strong absorption near the same wave-
length. This supports the conclusion that the interaction
between the rings in the ground state is small. The presence
of the strong excimer fluorescence for 1 is supperted by the
fact that the rings are more or less parallel to each other, but
are not wotally superposed. The distance between thetworings
is more than 4.0 A,

4. Discussion

The spectra presented in Figs, 2-5 support the assignment
of the broad emission in 1 to the anthracere excimer. In
particular, the spectra in Fig. 2(A) demonstratc that two
anthracene moieties and the pyrimidine ring system must be
present in order to generate a strong broad emission. In addi-
tion, the data in Fig. 2(B) show that the placement of steric
bulk between the two anthracene moieties eliminates the
broad emission observed in 1. The observation that no exci-
mer emission is found for § demonstrates that the pyrimidine
ring geometry plays a significant role in determining the exci-
mer yield. The spectral studies in polar solvents demonstraie
that the weak broad emission observed for the other com-
pounds {2-4) probably arises from a process involving sig-
nificant charge rearrangement, possibly an excipiex. The
observation that the relative quantum yield of excimer for-
mation (dex/dhy) is independent of the solvent polarity -
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further supports the assignment of the broad emission in 1 te
the excimer. The spectra in Figs. 4 and 5 show that the yietd
of the excimer is strongly dependent on the temperature and
viscosity in non-polar solvents. Finally, the kinetic data pre-
sented in Table 3 and Fig. 7 support the excimer model for
species 1. The combination of these data provides a compel-
ling argument for the assignment of the strong broademission
to the anthracene excimer.

With the exception of its strong intensity, the broad emis-
sion band for 1 is consistent with previous work on the anthra-
cene excimer. This emission band has a maxinum very
similar to that reported by Hayashi et al. [ 10] for what they
term the type I excimer. The two cxcimer types differ in both
their geometry (degree of overlap) and stability (see Fig. 1).
The position of the excimer emission reported for 1 is in
agreement with the spectrum of [ 2.2](1,4)(9,10)anthracen-
ophane [ 10], in which two of the aromatic rings of the anthra-
cene moieties overlap. This interpretation is further supported
by the quantum chemical calculations of the geometry of 1.
Interestingly, the excimer emission reported here is observed
at room temperature, in contrast with Ref. [ 10], where type
I emission was only abserved at 77 K (much weaker emis-
sion at room temperature ). Hence it appears that the excimer
formed by the two anthracene moieties in 1 is quite stable,
but constrained from ferminy the photodimer.

Excimer formation is infiuenced by the viscosity and tem-
perature of the solvent. These observations are cansistent with
the need for the two anthracene moieties to undergo a large
amplitude motion in finding the excimer geometry. In part,
the temperature dependence is probably caused by this vis-
cosity effect, but may also reflect an intrinsic barrier 1o the
reaction. Disentangling these two contributions to the tem-
perature dependence is left for a future study. The viscosity-
dependent data at a single temperature were compared with
two simple models for the excimer formation rate (see
Fig. 6(B)). The broken curve in this figure represents a best
fit of the data to a power law form for the formation rate of
the excimer, i.e.

_bex _B
= w7

The curve in Fig. 6(B) has best-fil parameters of 8=0.895
cP and a=0.420. The full curve in this figure represents a
best fit of the data to the Kramers form for the rate, i.e.

,—i'b-ﬁ";;=cn(1/l+(ﬁmz—l) (2)

where G and F are parameters. The best-fit parameters are
F=123cPand G=1.52cP~". These models are commonly
used to treal rate processes of this type [24,25]. The com-
parisons shown in Fig. 6(B) demonstrate that the observa-
tions are largely in agreement with the trends predicted by
the models. A more rigorous analysis will require & more
detailed study of the temperature and pressure dependence of
the excimer formation rate in non-polar solvents.

(1

The data for compounds 1-4 also reveal a strong depend-
ence of the total emission quantum yield (see Table 1) on
the solvent polarity. This dependence is assigned to an addi-
tional relaxation channel involving charge rearrangement in
the molecule, probably via electron transfer {or exciplex for-
mation) between the lone pair on the nitrogen and the anthra-
cene ring. A literature precedent [5,6] exists for this process,
The weak broad emission in compounds 2-4 may reflect
radiative recombination involving charge transfer. This emis-
sion is weak and is strongly quenched as the solvent polarity
is increased. It is probable that this emission is present in 1
also, but is not observed because of the strong excimer emis-
sion, In contrast with the excimer emission in I, the weak
emission in 3 does not show & significant viscosity or tem-
perature dependence. Further support for this assignment
arises from 5 whose spectrum is insensitive to the solvent
polarity. The nitrogen atoms in this compound are in an amide
bonding environment, rather than the amine environment in
compounds 1-4.

8. Conclusions

This work provides an examination of the photophysicat
and phoiochemical relaxation pathways in the anthracenyt
diadduct 1. This model system displays competition between
two relaxation pathways. In non-polar solvents, the system
displays asignificant yield of excimer. The excimer formation
yield is dependent on the viscosity, temperature and pola:ity
of the medium. The kinetics of excimer formation can rea-
sonably be explained by a simple kinetic sci.eme involving
one conformer; however, spectral overlap of the monomer
and excimer emission bands prohibits this conclusion from
being shown unequivocaily. In polar solvents, the yield of
excimer is greatly reduced. This reduction is assigned to
electron transfer quenching of the initially excited state, rather
than to any change in the intrinsic excimer formation rate.
The photophysical system reported here shows an interesting
competition between the two relaxation pathways, whichcan
be controlled by the solvent. A rwore comprehensive and
thorough understanding of this system may provide an inter-
esting avenue for a better comprehension of the selvent’s role
in relaxation phenomena and chemical reaction dynamics.
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