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Th e gr ou nd st ate stru ctures of phenanthrene and its monoa za- deri vati ves,
phenanthridi ne and 7,8-benzoquin ol ine were optimized using the ab i n i t i o

metho ds. Both metho ds of optimizati on are leading to the results, w hich are
in good agreement w ith available exp erimental data. C alculated ground- state
electric dip ole moments in phenanthridin e and 7,8-benzoquinol ine w ere found
to have antiparallel orientations, due to the di ˜erent electronic charge dis-

tributions in these molecules. T he energies of vertical electronic transition s
from the ground to excited singlet states (S 0 ! S n transitions ) and the

corresp ondi ng oscillator strengths w ere calcula ted w ithin the framew ork of
conÙguratio n interaction- singl es and time- dependent densit y functional the-
ory . The last metho d was found to be more accurate in repro duction of
experimental absorption spectra. V ery interesting result of these computa-

tions is the change of relative orientation of the transition dip ole moments
for the two low est ¤ ¤

Ê electronic transition in monoazaphena nthrenes |
from p erp endicu lar in phenanthrene molecule to nearly parallel orientation
in both monoazaphena nthrenes. T he observed changes of molecular param-

eters and spectra can be related to the inductive e˜ects of the substitutio n
of nitrogen atom into the aromatic skeleton of phenanthrene.

PAC S numb ers: 82.20.Wt, 31.15.A r

1. I n t rod uct io n

In physi cal organic chemistry the ẽ ect of substi tuti on of the ni tro gen atom
into the arom ati c ri ng system of hydro carbon is kno wn as the inducti ve e˜ect of
substi tuent [1]. In general , thi s e˜ect is connected wi th the polari zati on of chemical
bonds, due to shif ts of thei r electron pai rs in the di recti on of the electro negati ve
group [2]. Ni tro gen ato m , whi ch is more electronegati ve tha n the carb on ato m,
wo uld attra ct electro ns from the rest of the m olecule, thus causing the inducti ve
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e˜ect. The analysis of aromati c character of aza-deri vati ves of arom ati c hydro car-
bons has shown tha t the presence of ni tro gen ato m in the aromatic ri ng system
increases i ts arom atici t y [3].

The theo reti cal consi derati ons of inducti ve e˜ect, based on the Ùrst- order
perturba ti on theory , predi ct ra ther smal l changes of the energy levels of hetero -
-conjugated molecule. In accordance wi th these considerati ons, exp erimenta l ly de-
term ined electro nic tra nsiti on energies (co rrespondi ng to the tw o lowest ¤ ! ¤ Ê

electronic tra nsiti ons | to L a and L b states, in Platt ' s cl assiÙcati on) in aza-hydro -
carbons are onl y slightl y changed in com pari son to the tra nsiti on energies observed
for the parent hydro carbon [1]. However, such a substi tuti on (of ni tro gen ato m)
bri ngs about another new feature | the enhancement of the L b absorpti on band.
The low intensi ty of thi s band in the arom ati c hydro carb on is attri buted to the
pai ring pro perty of the hydro carbon m olecular orbi ta ls. On N- substi tuti on thi s
pro perty is lost.

From the photo physi cal point of vi ew, it is also importa nt tha t after sub-
sti tuti on of ni tro gen ato m into the arom ati c hydro carb on the lone-pai r electrons
(n electro ns of N ato m) are repl acing two C { H bondi ng electrons of hydro carb on.
As a consequence, in aza-hydro carb ons, in addi ti on to the ¤ ! ¤ Ê electroni c tra n-
siti ons (present in parent hydro carbons), electroni c tra nsiti ons of the new typ e are
exp ected to appear. These new tra nsiti ons cal led n ! ¤ Ê tra nsi ti ons are sym me-
try al lowed and polari zed perpendicul arly to the m olecul ar pl ane. In aza-benzenes
and aza-naphtha lenes n ! ¤ Ê tra nsiti ons are observed as either separate bands at
lower energy tha n the bands corresp ondi ng to ¤ ! ¤ Ê tra nsiti ons, or as shoulders
on ¤ ! ¤ Ê absorpti on band [1]. However, in the case of polycycl ic aza-arom ati cs
the absorpti on bands correspondi ng to the n ! ¤ Ê tra nsiti ons are hidden under
the absorpti on bands corresp ondi ng to the ¤ ! ¤ Ê tra nsiti ons [1, 4{ 7].

Polycycl ic aromati c hydro carbons to gether wi th corresp ondi ng polycycl ic
aza-arom ati cs form the class of molecules, whi ch are of importa nce in astro physi cs
and l i fe sciences [8{ 11], but the properti es of polycycl ic aza-aromatics are not yet
wel l recognized and understo od. In thi s work we present the resul ts of ab ini t io
calculati ons of the properti es of two azaphenanthrenes, phenanthri dine (PHN) and
7,8-benzoqui nol ine (BQ), and of thei r parent hydro carb on | phenanthrene (PH),
whi ch serves as a ref erence m olecule.

The exp erimenta l data for phenanthri dine and 7,8-benzoqui nol ine are rela-
ti vel y wi de [12] and include: X-ray structure s [13], IR spectra [12], the absorpti on
and Ûuorescence spectra of f ree basesand thei r conj ugated aci d form s of both these
m olecules in aqueous soluti ons [6], v alues of ioni zati on potenti als [14]. Dipole m o-
m ents in the ground and excited states of 7,8-benzoquinol ine were derived f rom
the solvent e˜ect on absorpti on and Ûuorescence spectra [7]. Recently the IR spec-
trum of the argon matri x isolated BQ was publ ished [11] and the analysis of the
solvent e˜ects on electroni c absorpti on and Ûuorescence spectra and on photo phys-
ical param eters of both azaphenanthrenes and phenanthrene were presented [15].
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The com pari son of the electronic absorpti on spectra of PHN and BQ wi th the
spectrum of phenanthrene indicates tha t the energies of the S 0 ! S 1 tra nsi ti ons
are only slightl y di ˜erent whi le the exti ncti on coe£ cient is m uch larger for aza-
phenanthrenes [15].

Up to now, however, the theo reti cal and com puta ti onal works were concen-
tra ted alm ost exclusivel y on the phenanthrene molecule [9, 16, 17{ 21] wi th one
excepti on | recentl y the interpreta ti on of IR spectrum of 7,8-benzoqui nol ine was
perform ed by ab i ni t io calcula ti ons [11]. Mo st of the adv anced, ab ini tio com pu-
ta ti ons for PH are connected wi th the interpreta ti on of i ts vi brati onal spectrum
[16, 17{ 19]. Sti l l , however, the understa ndi ng of the electronic spectra of PH on
the level of ab ini tio calculati ons [9, 20, 21] is not sati sfactory .

In the present paper we are com puti ng the opti m ized geometry of phenan-
threne and both azaphenanthrenes and com pare the di ˜erent m olecular pro perti es
correspondi ng to these structures in search of the e˜ects caused by the ni tro gen
ato m substi tuti on into the aromati c ri ng system .

2. Co m pu t at i on al det ai l s

The schemati c structures of the phenanthrene, phenanthri dine and
7,8-benzoqui nol ine, to gether wi th the bond numb ering, are presented in Fi g. 1.

Fig. 1. Structures of investigated molecules and numb ering of the bonds. Black circles

indica te the positio n of nitrogen atom.

The geometry of each of these molecules were opti m ized by restri cted
Ha rtree{ Fock at 6-31G(d) level (R HF/ 6-31G(d)) and density functi onal theory
at B3LYP/ 6-31G(d) level (D FT B3LYP/ 6-31G(d)). The opti m izati on calcul ati ons
were fol lowed by the calcul ati ons of the vi bra ti onal frequenci es in order to veri fy,
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whether the obta ined stati onary points are the true mini ma. The energies of elec-
tro nic tra nsiti ons from the ground to the exci ted states and corresp ondi ng oscil la-
to r strengths (f or the structures opti mized in the ground state) were determ ined
by restri cted conÙgura ti on intera cti on-sing les at 6-31G(d) level (R CIS/ 6-31G(d))
and ti me-dependent density functi onal theo ry at B3LYP/ 6-31G(d) level (TD D FT
B3LYP/ 6-31G(d)) metho ds.

Al l calcul ati ons have been carri ed out using the GAUSSIAN 98 prog-
ram s [22].

3. R esul t s

3.1. Gro und stat e optimi zed geometr y

Al l three molecules under considerati on, i .e. PH, PHN, and BQ, in thei r
R HF/ 6-31G(d), and D FT/ B3LYP/ 6-31G(d) opti m ized geom etry have planar struc-
tures. Bond lengths obta ined for the opti mized geom etry (wi thi n the fram ework
of both these m etho ds) are presented in Fi g. 2 to gether wi th the exp erimenta l
crysta l lographi c data ta ken from [13]. It is seen tha t the di ˜erences between bond
lengths determ ined by the both metho ds are not exceeding 0.02 ¡A for al l three
m olecules. However, a com pari son of the resul ts of calcul ati ons wi th exp erimenta l
data shows tha t f or PH and PHN molecules they also agree wi thi n the 0.02 ¡A
l im it, but for BQ exp erimenta l and calcul ated bond lengths can di ˜er by 0.045 ¡A
for a, b, j , k and m bonds. At thi s point we must m enti on, however, tha t sim i lar
di ˜erences can be found for the bond lengths of phenanthrene molecule obta ined
in di ˜erent exp eriments [13, 18, 19, 23].

A close inspecti on of Fi g. 2 reveals tha t the largest changes of the bond
lengths are observed for the bonds a and b in PHN and h and g in BQ. If we refer
to Fi g. 1 then i t turns out tha t tho se are bonds in whi ch ni tro gen (N) ato m is
parti ci pati ng. Ca lculated decrease in the length of bond a of PHN in compari son
to PH is 0.066 ¡A (R HF calcul ati ons) and 0.060 ¡A (D FT calcul ati ons). Bond b in
PHN is getti ng shorter by either 0.060 ¡A (R HF) or 0.051 ¡A (D FT). In the case of
BQ m olecule the corresp ondi ng changes are 0.069 ¡A (R HF) and 0.060 ¡A (D FT)
for h bond and 0.066 ¡A (R HF) and 0.059 ¡A (D FT) for g bond.

Theref ore, the substi tuti on of N ato m into the phenanthrene arom ati c system
resul ts in the relati vel y large decrease (by ¿ 0 : 0 6 ¡A) in the length of bonds form ed
wi th parti cipati on of N atom (i nstead of C ato m ). Thi s quanti ty is slightl y larger
tha n the experim enta l resul ts whi ch estim ate thi s decrease as ¿ 0 : 0 4 ¡A.

The changes of bond lengths are accom pani ed by the changes of the angles
between the bonds and i t leads to the deform ati ons of the PH ri ngs. In the case
of PHN the largest changes (ca: Ï 3 £ ) are tho se of the angles (a,b ), (a,p ), (b ,d )
and (b ,c), whi le in the case of BQ these changes are slightly smal ler (ca: Ï 2 : 5 £ ),
but more extended topological ly | beside the angles (g,f ), (g ,h ), (h ,c) and (h,i )
they incl ude also (c,d ) and (b,d ) angles. In other words in the case of PHN the
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Fig. 2. Comparison of experimental values [13] of the b ond lengths ( À ¯ À ) w ith their

values calculated w ith the use of DFT /B3 LY P/ 6-31G(d) ( £ ) and RH F/6- 31G(d) ( 2 )

metho d, for phenanthrene, phenanthridine, and 7, 8-benzoquin ol in e (numb ering of the

b onds as in Fig. 1).

N- substi tuti on causes the changes of CNC and CCN angles whi le in the case of
BQ also the two CCC angles underg o such changes. In PHN, the N-substi tuti on in
the centra l ri ng of phenanthrene deform s thi s ri ng and changes the angle between
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the centra l ri ng and neighb oring externa l ri ng. In BQ, the N- substi tuti on in the
externa l ring of phenanthrene deform s thi s ri ng, changes the angle between the
externa l and centra l ri ng and changes also the CCC angle in the centra l ri ng.

Theref ore the substi tuti on of N ato m to the phenanthrene ri ngs leads to
the non-negl igibl e geom etri c changes in both azaphenanthrenes and results in the
reducti on of C 2 v sym metry characteri zing the parent m olecule of phenanthrene.

3.2. Charge di str ibut ions and dipole moment s in t he ground stat e

The reducti on of sym m etry of phenanthrene in azaphenanthrenes is espe-
ci ally cl earl y seen when the charge distri buti ons and electri c di pole moments of
these molecules are compared. The substi tuti on of N ato m into the phenanthrene
arom ati c system changes the charge distri buti on in the manner shown in Fi g. 3a
and b for PHN and BQ m olecules, respecti vely. It is seen tha t these changes are
large but sim ul ta neously are of local character, l im ited to the part of m olecule.
The presence of N ato m in the place of C ato m in phenanthrene system is equiva-
lent to the increase in negati ve charge in the place of substi tuti on (i n Fi g. 3 atom
14 in PHN and ato m 9 in BQ, respectivel y). Thi s change is accom pani ed by the
increase in positi ve charge on neighbori ng C ato ms (ato ms 1 and 13 for PHN and
8 and 10 for BQ, respecti vely).

Fig. 3. C omparison of the results of RH F/6- 31G(d) calcula tion s of the charge distri-

bution in phenanthridi ne (A ) and in 7,8-benzoquin ol in e (B) molecules w ith the charge

distribu tion in phenanthrene molecule.
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Fig. 4. C alculated values and directions (À ! + ) of the electric dip ole moment in the

ground state of PH , PH N , and B Q molecules .

Cha rge di stri buti on in both investigated azaphenanthrenes becom es asym -
m etri c. The asymm etry leads to the appearance of the electri c di pole mom ents
who se values are larger tha n the very smal l di pole m oment of PH m olecule (see
Fi g. 4). These dipole moments are di rected along the l ine, whi ch form s an angle
of ca: 3 0 £ wi th the di recti on of the dipole m om ent of PH. It is also seen f rom
Fi g. 4 tha t the values of the dipole mom ent calcul ated by R HF and D FT m eth-
ods are sim i lar and tha t the calcul ated dipole m oment for 7,8-benzoqui nol ine is
m uch larger as com pared to the experim enta l ly estim ated value [7], whi ch pro babl y
should be subj ected to veri Ùcati on.

3.3. Mol ecul ar or bi tals

In Fi g. 5 the R HF orbi ta l energy diagrams of the hi ghest occupi ed molecular
orbi tals (HOMO) and the lowest unoccupi ed m olecular orbi ta ls (LUMO) for al l
three m olecules under consi derati on are given. The shapes of the f ronti er orbi ta ls
are also vi sual ized. As i t can be seen, the energies of al l levels in azaphenanthrenes
are system ati cal ly lower tha n the energies of the levels in phenanthrene. In term s
of the Ùrst- order perturba ti on theo ry such behavi or is a sym pto m of the inducti ve
e˜ect of substi tuent for al terna te hydro carb ons [1].

The energies of HOMO orbi ta ls: 7.67 eV for PH, 8.10 eV for PHN, and
7.81 eV for BQ can be compared to the ionizati on potenti als of these m olecules,
whi ch were exp erimenta l ly determ ined as 7.89 [12, 23], 8.31 and 8.04 eV [12, 14],
respect ively. And thi s regular shi ft o f ca: 0 : 2 eV can be considered as a qui te good
agreem ent between calcul ati ons and exp eriment.

Ho wever such agreement is absent for the electron a£ ni ty | the calcul ated
energy of LUMO orbi ta l of phenanthrene, 2.72 eV, is m uch larger tha n the exper-
im enta l value of electro n a£ ni ty of thi s molecul e estimated as < 0 : 3 eV [12, 24].
Such di screpancy holds also in the case of the energy gap between HOMO and



608 I. Deperasi ¥ska, J. Prochor ow

Fig. 5. Orbital energy diagram for phenanthrene and azaphenanthrenes (energy scale

in eV ) and the cross- sections of frontier orbitals (the black and grey regions reÛect the

nodal characteristic of the orbital symmetry).

LUMO, whi ch is to o large. Thi s is kno wn as a defect of ab ini t io R HF calcu-
lati on [9, 25, 26] whi ch leads to the overesti mati on of the energies of electro nic
tra nsiti ons.
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It can also be noti ced (cf . the orbi tal shapes) tha t there is a rather close
correspondenc e between the LUMO (as wel l as LUMO +1 ) of PH molecule and
LUMOs (and respecti vely LUMOs+1 ) of BQ and PHN molecules. On the other
hand, the HOMO and HOMO{ 1 of the both, BQ and PHN, are clearl y the com -
bi nati ons of HOMO and HOMO{ 1 of PH molecul e. And Ùnal ly, we noti ce tha t in
PH m olecule there is no equiva lent of the HOMO{ 4 observed in either BQ or PHN
m olecules. The shape of HOMO{ 4 in both molecules indi cates tha t thi s orbi ta l
can be trea ted as the \ classical " n -orbi ta l , al tho ugh i t is parti al ly delocal ized over
the other atom s of the system .

W e should menti on tha t the orbi ta l diagram obta ined wi thi n the fram ework
of DFT m etho d is qual i ta ti vely sim i lar to tha t discussed above, wi th very sim i lar
shapes of orbi ta ls. The m ost importa nt di ˜erence between both m etho ds is tha t
R HF- calcul ated HOMO{ 4 orbi ta l becom es HOMO{ 2 wi thi n DFT m etho d.

3. 4. El ect ronic spect ra

The HOMO orbi ta l energies obta ined wi thi n DFT m etho d are by ¿ 2 eV
hi gher tha n the R HF- calcul ated energies. At the sam e ti m e, however, the energy
gap between HOMO and LUMO calcul ated by D FT m etho d is lower tha n tha t
calculated wi th the use of R HF m etho d. As a resul t, the energies of electro nic
tra nsiti ons calcul ated by m eans of D FT metho d are lower and much closer to the
exp erimenta l observati ons tha n tho se obta ined wi thi n RHF metho d. The fol low-
ing values are i l lustra ti ng thi s fact: (a) experim enta lly observed wa venumbers of
the (0,0) band of the absorpti on of PH, BQ, and PHN in n -hexane soluti on are
28918, 28935, and 29137 cm À 1 , respecti vely [15], (b) energies of S 0 ! S 1 tra nsi ti on
calculated by RCIS m etho d for PH, BQ, and PHN are Â E = 4 1 4 5 6 , 41996, and
42382 cm À 1 , respecti vely, and (c) tra nsiti ons energies calculated by DFT m etho d:
are 32457, 32107, and 32703 cm À 1 for PH, BQ, and PHN, respecti vely. It is evi dent
tha t D FT results are much closer to the experim ent, and sim i lar relati ons between
ab ini ti o R CIS, TD D FT and exp erimenta l tra nsiti on energies have been obta ined
for many other molecules [20, 21].

The energies of S 0 ! S n tra nsi ti ons calcul ated by TD D FT metho d for PH,
PHN, and BQ m olecules are col lected in the T able, whi le in Fi g. 6 a com pari son of
calculated and experim enta l absorpti on spectra [15] is given. In the reconstructi on
of calcul ated spectra we used the fo llowi ng procedure. Each calcul ated electro nic
tra nsiti on is described by deÙnite values of energy of tra nsiti on and osci llato r
streng th (i .e. the length of the verti cal stick, correspondi ng to the given tra nsi ti on
energy is proporti onal to the oscil lato r strength of thi s tra nsiti on). The verti cal
l ines were then replaced by Gaussian conto urs. The maxi mum of conto ur is placed
at the calcul ated tra nsiti on energy, i ts height is equal to the calcul ated osci llato r
streng ths. The value of 1000 cm À was ta ken as the wi dth of each conto ur. The
envel ope of such Gaussian conto urs com posesthe calcul ated absorpti on spectrum ,
whi ch can be now compared wi th broad and di ˜used experim enta l spectra .
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TABLE

Energies ( Â E ) of electronic S 1 ! S n transition s and their oscillator strengths
(f ) calcula ted w ith the use of TD DFT B3L Y P/6- 31G(d) metho d. A bbre-
viations of A n ; B n and A

0

; A
00 ref er to the group elements in C 2 v and C s

symmetry representations, resp ectively .

phenanthrene phenanthridi ne 7,8-b enzoquin ol in e

sym- Â E f sym- Â E f sym- Â E f

metry [cm À 1
] metry [cmÀ 1 ] metry [cm À 1 ]

A 1 32457 0.001 A
0 32703 0.007 A

0 32107 0.044

B 2 34447 0.068 A
00 34513 0.001 A

0 34338 0.030

A 1 38936 0.125 A 0 34555 0.059 A 00 35721 0.002

B 2 41220 0.746 A
0 39021 0.105 A

0 38345 0.104

A 1 42082 0.003 A 00 39519 0.000 A 00 38607 0.000

B 2 42423 0.025 A
0 40821 0.491 A

0 40344 0.373

B 2 47057 0.008 A 0 42821 0.072 A 0 43061 0.016

It is seen from Fi g. 6 tha t the procedure appl ied to the TD D FT- com puted
electronic tra nsiti ons repro duces qui te well the measured absorpti on spectra of al l
three molecul es under investi gatio ns. The 10 lowest calcul ated electroni c tra nsi-
ti ons are leading to the spectrum (calcul ated one) composed of f our bands wi th
the intensi ty di stri buti on sim i lar to the experim ental ly observed.

Furtherm ore we noti ce tha t the present calcul ati ons are also repro duci ng ex-
perim ental ly observed enhancement of S 0 ! S tra nsiti on in azaphenanthrenes, as
compared to i ts intensi ty in parent phenanthrene m olecule. Such e˜ect is caused
by the reducti on of sym metry of phenanthrene after N- substi tuti on, whi ch re-
sul ts in the lost of the pai ri ng pro perty of parent hydro carb on m olecular or-
bi ta ls. Each of two lowest ¤ ! ¤ tra nsi ti ons in azaphenanthrenes is described
by the conÙgurati on intera cti ons of four electro nic conÙgurati on HOMO À 1 !

LUMO 1; HOMO À 1 ! LUMO ; HOMO ! LUMO 1 and HOMO ! LUMO ,
whi le L and L exci ted states in parent PH m olecule are described onl y by the
pai rs of conÙgurati ons HOMO À 1 ! LUMO ; HOMO ! LUMO 1 and HOMO
! LUMO ; HOMO À 1 ! LUMO 1 , respecti vel y.

These di ˜erences in conÙgurati on intera cti ons in azaphenanthrenes and in
phenanthrene are reÛected also by the changes of the relati ve polari zati on of two
low- lying ¤ ! ¤ tra nsiti ons. The angle between di recti ons of tra nsiti on di pole
m oments for these two electroni c tra nsi ti ons states is for phenanthrene, whi le
in the case of azaphenanthrenes i t is close to . It com es out from our calcul ati ons
tha t, in the case of PHN, tra nsiti on di pole m om ents for electro nic tra nsi ti ons
under considerati on form an angle of ca: wi th the long axi s of m olecule (whi ch
is para llel to the m olecular bond (cf . Fi g. 1)). In the case of BQ thi s angle is
predi cted to be near .
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Fig. 6. Electroni c absorption spectra of PH , PH N , and BQ molecules. Exp erimentall y

observed spectra ( e x p) in n -hexane solution [15] are compared w ith the results of calcula-

tions ( c a l ) . T he vertical lines corresp ond to the T D DFT -calculated energies of S 0 ! S n

electronic transition s (see the text for details ).

Ano ther resul t of N-substi tuti on is the appearance of n ! ¤ Ê tra nsi ti ons
(see the Tabl e) wi th a smal l oscil lato r strength and tra nsiti on di po le mom ent
perpendicul ar to the molecular pl ane (A 0 0). Such tra nsiti on is identi Ùed as S ! S
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tra nsiti on in the case of PHN and as S 0 ! S 3 tra nsi ti on in the case of BQ. Up to
now, these electronic tra nsiti ons have not been experim ental ly identi Ùed [15].

4 . Co n cl u d i ng r em ar ks

The results of analysis and calcul ati ons perform ed in thi s work dem onstra te
tha t the substi tuti on of the ni tro gen ato m in the phenanthrene aromatic ri ng sys-
tem has a character of the inducti ve e˜ect. Such substi tuti on changes the electro nic
and geom etri cal structure of molecular system of azaphenanthrenes (in compari son
to the phenanthrene) and leads to the app earance of the electri c dipole mom ents
who se values are larger tha n the very smal l dipole mom ent of phenanthrene. The
resul ts of calcul ati ons are repro duci ng qui te wel l the m easured absorpti on spectra
and conÙrm the concl usions of the experim enta l work [15] tha t the Ùrst exci ted
sing let sta te of azaphenanthrenes is of ¤ ¤ Ê -typ e (at the same ti m e the \ phenan-
threnes' L b character" of thi s state is lost).

Very interesti ng and experim enta lly very chal lenging is the resul t (del iv-
ered by the both ab ini tio, R CIS and TD D FT, calcul ati ons) whi ch indi cates a
near-para l lel ori enta ti on of the tra nsiti ons dipole m oments of electro nic tra nsi-
ti ons to the two lowest ¤ ¤ Ê states of azaphenanthrenes. Ano ther result, whi ch
can be of im porta nce for understa ndi ng the photo physi cs of azaphenanthrenes in
soluti ons, is the predi cti on tha t the lowest n¤ Ê state is the second, S 2 , and the
thi rd, S 3 , exci ted state wi thi n the singlets m ani fold of PHN and BQ, respectively.
Such orderi ng m ight be importa nt, especial ly in vi ew of the concl usion (i nf erred
from the observati ons of Ûuorescence and i ts decays [15]) accordi ng to whi ch a
stro ngly polar and hydro gen-bondi ng solvent (such as m ethanol ) induces in these
two m olecul es very di ˜erent quanti ta ti ve changes of the rate constants of non-
radi ati ve tra nsiti ons in the Ùrst exci ted state. The last point clearl y cal ls for the
adv anced calculati ons of the opti mized structure s and param eters of exci ted states
of azaphenanthrenes, whi ch is the next step in conti nuati on of the present work.
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