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Abstract Photoinduced electron transfer in a series of
naphthyl substituted phenanthrimidazoles has been studied
in solutions. The intramolecular charge transfer (CT) leads
to a large Stokes shift and large dipole moment in the fluores-
cent state. Solvatochromic effects on the spectral position and
profile of the stationary fluorescence spectra clearly indicate
the CT character of the emitting singlet states of all the
compounds studied. An analysis of the CT fluorescence lead
to the quantities relevant for the electron transfer in the Marcus
inverted region.

Keywords Intramolecular charge transfer - Marcus inverted
region - Electronic coupling

Introduction

The intramolecular charge transfer (CT) absorption ('CT«Sy),
radiative and radiationless charge recombination (CR) processes
('CT—S,) have been explained by photoinduced electron
transfer (ET) processes [1-5]. Mulliken and Murrell models of
molecular CT complexes lead the analysis of rate of radiative
ET processes [6—8] and also define the molecular conformation
of the states involved in the excited-state ET process [9—13].
The large values of the electronic transition dipole moments
(Mp,) of CT fluorescence implies the non orthogonal geometry
of the donor (D) and acceptor (A) subunits in the lowest excited
ICT states. The 9-anthryl and 9-acridyl derivatives of aromatic
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amine show the dependence of electronic structure and
conformation of fluorescent 'CT state on solvation [14,
15]. In low polar media the interactions between 'CT
state and locally excited (LE) states exist in a more
planar conformation of D and A moieties than that in
the ground state. In more polar solvents the strong
solute-solvent interactions restrict the flattening of the
excited D-A system and its conformation is same as that
in the ground state. Proton— and charge-transfer reactions
are the common processes involved in chemical reactions
as well as in living systems [16-21]. The appropriate
values of the electronic coupling elements are mainly
determined by the interactions between the atoms
forming the bond A-D can be theoretically predicted
following the formalism proposed by Dogonadze et al.
[22, 23]. Neglecting contributions from the o orbitals,
one can obtain for 7t-electronic systems

Vo = CfumoChomoPapcos(0ap) + cons., (1)
V/f,s = Cf-llOMoCﬁOMo Bapcos(0ap) + cons., (2)
V11J,3 = ClunoChumoBancos(8an) + cons., 3)

where 0, p denotes the angle between the planes of
the acceptor and donor subunits and Cyomo and Crymo
are the LCAO coefficients (as obtained for the individ-
ual chromophores) of the 2p; atomic orbitals (where z
is the axis perpendicular to the acceptor or donor rings)
of the highest occupied molecular orbital (HOMO) and
of the lowest unoccupied molecular orbital (LUMO)
located on the atoms forming the A-D bond. {3 is the
resonance integral for these AD atoms and const. is
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related to the electronic interactions between the remain-
ing pairs of atoms in the D—A molecule (this contribu-
tion is usually small and negligible) . Expressions 2 and
3 assume that the 'LE state is mainly described by a
configuration corresponding to the HOMO —LUMO ex-
citation (e.g., 'L, state in Platt’s notation). Here, we report the
synthesis, characterisation and solvatochromism of
newly synthesized 71— expanded imidazole derivatives.
The influence of solvents on the photophysical proper-
ties of the imidazole derivatives with solvent polarity
function have been discussed in terms of absorption,
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emission, dipole moments, change in
reorganisation energy.

free energy and

Experimental
Chemicals
I-naphthaldehyde and phenanthrene-9,10-dione were sup-

plied by Sigma-aldrich (St.Louis, USA). Aniline, 4-
methylaniline, 4-methoxyaniline and 3,5-dimethylaniline
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were used of analytical grade and received from S.D. Fine
(Mumbai, India). The solvents used were of spectroscopic
grade supplied by Himedia (Chennai, India).

Spectral Measurements

The proton and proton decoupled '*C NMR spectra were
recorded using a Bruker 400 MHz NMR spectrometer (Bruker
biospin, California, USA) operating at 400 MHz and
100 MHz, respectively. The mass spectra of the samples were
obtained using a Thermo Fischer LC-Mass spectrometer in
FAB mode. The UV-vis absorption and fluorescence spectra
were recorded with PerkinElmer Lambda 35 spectrophotom-
eter and PerkinElmer LS55 spectrofluorimeter, respectively.

Computational Details

The quantum chemical calculations were carried out using the
Gaussian 03 [24] package. Optimization and HOMO—
LUMO frontier orbital of phenanthrimidazole derivatives
were performed using density functional theory (DFT).

Synthesis of Polysubstituted Phenanthrimidazoles

A mixture of naphthaldehyde (I mmol), phenanthrene-9,10-
dione (I mmol), aniline (1 mmol), ammonium acetate
(1 mmol) and InF3 (1 mol%) was stirred at 80 °C and the
progress of the reaction was monitored by TLC. After com-
pletion of the reaction, the mixture was cooled, dissolved in
acetone and filtered. The product was purified by col-
umn chromatography using benzene: ethyl acetate (9:1)
as the eluent (Scheme 1). The newly synthesised
phenanthrimidazoles have been characterised by CHN
analysis, 'H and '*C NMR and mass spectra.

2-(Naphthalen-1-yl)-1H-Phenanthro[9,10-d]Imidazole (1)

M.p. 262 °C., Anal. calcd. for C,sH;¢N5: C, 87.18; H, 4.68; N,
8.13. Found: C, 87.16; H, 4.67; N, 8.12. "H NMR (400 MHz,
DMSO): 5 10.41 (s, 1H), 7.37 (s, 4H), 8.77 (d,J=7.2 Hz, 3H),
7.90 (d, J=8.0 Hz, 2H), 7.82 (d, J=7.2 Hz,1H), 7.66 (t, 4H),
7.54-7.45 (m, 3H). '>*C NMR (400 MHz, CDCl;): 5 121.83,
123.78, 124.97, 125.47, 125.89, 126.38, 127.12, 127.29,
127.58, 127.88, 128.37, 128.47, 130.16, 131.30, 133.92,
148.87. MS: m/z. 344 [M+].

2-(Naphthalen-1-yl)-1-Phenyl-1H-Phenanthro[9,10-d]
Imidazole (2)

M.p. 265 °C., Anal. caled. for C3HpoN»: C, 88.54; H,4.79; N,
6.66. Found: C, 88.52; H, 4.78; N, 6.65. "H NMR (400 MHz,
DMSO): & 8.89 (d, J/=7.6 Hz, 1H), 8.80 (d, /=8.4 Hz, 1H),
8.75 (d, J=7.6 Hz, 1H), 7.99 (d, J=5.6 Hz, 1H),7.83

(d, J=7.6 Hz, 2H), 7.74 (t, 1H), 7.67 (t, 1H), 7.53 (t, 1H),
7.48-7.43 (m, 3H), 7.35-7.29 (m, 6H). '*C NMR (400 MHz,
CDCly): § 121.07, 122.89, 123.01, 123.18, 124.16, 124.48,
125.02, 125.65, 126.02, 126.17, 126.34, 126.88, 127.38,
127.44, 128.05, 128.15, 128.34, 128.49, 129.28, 129.48,
129.55, 129.73, 133.21, 133.47, 137.38, 138.04, 150.48.
MS: m/z. 420 [M+].

2-(Naphthalen-1-yl)-1-p-Tolyl-1H-Phenanthro(9,10-d]
Imidazole (3)

M.p. 248 °C., Anal. calcd. for C3,H,,N,: C, 88.45; H, 5.10; N,
6.45. Found: C, 88.41; H, 5.07; N, 6.42. "H NMR (400 MHz,
DMSO): § 2.32 (s, 3H), 8.88 (d, J=7.6 Hz, 1H), 8.79 (d, J=
8.4 Hz, 1H), 8.73 (d, J=8.0 Hz, 1H), 7.96 (d, J=7.2 Hz, 1H),
7.80 (d, J=8.0 Hz, 2H), 7.20 (d, J=7.6 Hz, 2H), 7.10 (d, J=
8.0 Hz, 2H), 7.71 (t, 1H), 7.65 (t, 1H), 7.53 (t, 1H), 7.43
(q, 3H) 7.35-7.24 (m, 4H). '*C NMR (400 MHz,
DMSO): & 21.31, 121.11, 122.87, 123.12, 123.20, 124.14,
124.50, 124.70, 125.00, 125.10, 125.62, 126.04, 126.14,
126.35, 126.83, 127.38, 127.53, 127.77, 128.15, 128.34,
128.39, 129.28, 129.47, 129.67, 130.20, 133.23, 133.44,
133.76, 135.32, 137.27, 139.29, 150.63. MS: m/z. 434 [M+].

1-(4-Methoxyphenyl)-2-(Naphthalen-1-yl)
-1H-Phenanthro[9,10-d[Imidazole (4)

M.p. 272 °C., Anal. calcd. for C3,H,,N,O: C, 85.31; H, 4.92;
N, 6.22; O, 3.55. Found: C, 85.30; H, 4.91; N, 6.21; O,
3.54. "H NMR (400 MHz, DMSO): 5 3.72 (s, 3H), 8.96 (d, J=
8.4 Hz, 1H), 8.91 (d, J=8.4 Hz, 1H), 8.66 (d, J=7.6 Hz, 1H),
7.89 (d, J=8.0 Hz, 1H), 7.76 (d, J=7.2 Hz, 1H), 7.57 (d, J=
7.6 Hz, 1H), 7.38 (t, 1H), 7.20 (d, J=8.0 Hz, 1H), 6.94 (d, J=
8.4 Hz, 2H), 7.96 (t, 2H), 7.69(t, 2H), 7.55-7.42 (m, 5H). *C
NMR (400 MHz, DMSO): 5 55.28, 114.62, 120.27, 121.98,
122.59, 123.66, 124.42, 124.67, 125.19, 125.60, 125.78,
126.20, 126.69, 126.82, 126.86, 127.24, 127.42, 127.64,
128.04, 128.09, 128.29, 128.41, 129.50, 129.52, 129.72,
129.95, 132.35, 132.76, 136.28, 150.47, 159.47. m/z. 450 [M+].

1-(3,5-Dimethylphenyl)-2-(Naphthalen-1-yl)
-1H-Phenanthro[9,10-d[Imidazole (5)

M.p. 261 °C., Anal. calcd. for C33H,4N,: C, 88.36; H, 5.39; N,
6.25. Found: C, 88.35; H, 5.38; N, 6.24. '"H NMR (400 MHz,
DMSO): 6 2.17 (s, 6H), 8.96 (d, /=8.0 Hz, 1H), 8.91 (d, J=
8.0 Hz, 1H), 8.64 (d, J=7.6 Hz, 1H), 7.97 (t, 2H), 7.91 (d, J=
7.2 Hz, 1H), 7.76 (d, J=7.2 Hz, 1H), 7.74 (d, J=6.4 Hz, 2H),
7.08 (s, 1H), 7.16 (t, 2H), 7.36-7.40 (m, 3H),7.60-7.48 (m,
3H). '3C NMR (400 MHz, DMSO): § 20.54, 120.36, 121.99,
122.45, 123.66, 124.42, 124.66, 125.22, 125.44, 125.66,
125.83, 126.06, 126.22, 126.33, 126.71, 126.76, 127.00,
127.23, 127.45, 127.62, 127.90, 128.04, 128.29, 128.40,
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129.54, 131.01, 132.28, 132.75, 136.27, 137.28, 138.90,
150.06. MS: m/z. 448 [M+].

Result and Discussion
Catalytic Activity of Indium Trifluoride

Initially, the condensation reaction was carried out in the
presence of InF3 (1 mol%), naphthaldehyde (1 mmol), ammo-
nium acetate (I mmol), and arylamine (1 mmol) in different
solvents such as water, ethanol, methanol, chloroform, and
acetonitrile under refluxing and also in solvent-free conditions
at 80 °C (Scheme—1). From observation made from above
experiments the solvent-free condition is taken as the best for
imidazole synthesis. In the absence of catalyst under solvent-
free conditions at room temperature the yield is very poor even
after 24 h. To improve the yield of the product, the tempera-
ture was increased to 200 °C, but no appreciable increment
was observed. We found that presence of a catalytic amount of
InF; under solvent-free condition is the best for this synthesis;
maximum yield (76 %) was obtained at 36 min on loading
with 1 mol% of InF; at 80 °C (Table 1). Moreover, InF; can be
recovered and reused several times without significant loss of
activity. High product yield, shorter reaction time, low catalyst
loading and easy work-up procedure, make this procedure
quite simple and more convenient. Our methodology could
be a valid contribution to the existing processes of imidazole
synthesis.

Table 1 Effect of catalyst and temperature in the synthesis of
phenanthrimidazole derivatives

Entry Temp (°C) Solvent InF; InF3 (mol%)

Time (min) Yield (%)

1 rt Solvent-free 135 (385)  65(Trace) 0.1
2 50 Solvent-free ~ 68(266) 62(20) 0.1
3 70 Solvent-free 32(89) 68(45) 0.1
4 90 Solvent-free ~ 28(100) 70(52) 0.1
5 80 Solvent-free 36 76 1
6 80 Solvent-free 28 79 2
7 80 Solvent-free 47 80 10
8 80 Water 100 32 1
9 80 Ethanol 45 60 1
10 80 Methanol 55 65 1
11 80 Chloroform 146 46 1
12 80 Acetonitrile 90 62 1

values in the parentheses corresponds to absence of catalyst
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Absorption and Fluorescence Spectra

Room temperature absorption spectra of 2-
naphthylphenanthrimidazoles in n-hexane are shown in
Fig. 1. The superposition of the bands observed corresponding
to the donor and acceptor subunits which seem to be only
slightly perturbed by their interactions. The first three absorp-
tion bands of are assigned to '(7- 7t*) states correspond in
Platt’s notation to the 'Ly, 'L, and 'B, excited states. The low
and high energy transitions 'Ly«So, 'L,«S, and 'B,«S,
respectively, observed in the absorption spectra of all com-
pounds studied [25, 26]. The low energy absorption region of
the D-A phenanthrimidazole derivatives containing naphthyl
as an electron acceptor indicates the presence of charge trans-
fer states [27]. Assuming a point dipole situated in the center
of the spherical cavity and neglecting the mean solute polar-
izability in the states involved in the transition it follows
[28-31],

GBS o AT 21ty (e ) /a3 (1) /2 € + 1)/, (02-1) /(20 4 1)]

(4)

where 1, and . are dipole moments of the solute in the
ground and excited states, respectively, s and U are the
spectral positions of a solvent-equilibrated absorption maxima
and the value extrapolated to the gas-phase, respectively, a, is
the effective radius of the Onsager cavity [32, 33] and ¢ and n
are the static dielectric constant and the refractive index of the
solvent, respectively. Equation 4 is used to determine the
values of g (He - 1g) / ag and Vs (Fig. 2a). The blue shift
of the CT absorption bands indicate the dipole molecule
cannot be approximated by the point dipole situated in the
center of the cavity (Fig. 2b). The ground state dipole moment
is determined by polar groups lying far from the center of the
molecule which leads to an increase of the effective Onsager
reaction field [10, 28] and increase the ground state salvation
energies. Therefore blue shift is observed in the absorption
spectra for the presently studied molecules.

In the excited state, the negative and positive ends of the
electric dipole are localized nearly in the centres of the donor
and acceptor fragments, respectively. The observed red shift
and increase of Stokes shift with increasing solvent polarity in
fluorescence spectra with excitation wavelength 260 nm point
to the CT character of the fluorescent states. The excited state
dipole moments p. estimated by the fluorescence
solvatochromic shift method imply the excited states live
sufficiently long with respect to the orientation relaxation time
of'the solvent [34-36]. Under the same assumption as used for
above expression, it follows that,

heDphcUpy —2pe (He Hg)/ag [(5_1)/(2 e+1)-"/, (nz—l)/(an + 1)}
(5)
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spectral positions of the solvent equilibrated fluorescence
maxima and the value extrapolated to the gas-phase,
respectively. There is a linear correlation between the
energy (hc g,) and the solvent polarity function in a polar
environment and also in all solvents (Fig. 2c). The
values of e (He - Hg) / a> extracted from the data
measured in polar media are somewhat larger than whole
range of the solvents. The observed red shift dependence
upon the electronic structure of the fluorescent states on

solvation. In nonpolar solvents due to a relatively small
energy gap between the lowest CT states and the locally
excited states reveal that an increasing contribution of 7,
7t * character to the wave function of the CT states. This
leads to lowering of energy by stabilizing such interac-
tions and results red shift in the fluorescence spectra.
The quantity (Me - Hg) 2 / a3 can be evaluated from the
solvation effects on Stokes shift by using the following
expression,

he(Dap—n) = he (T;;;;‘%;ff) +2(eemy) /@ [(e-1)/ (26 + )=/, (02-1) /(202 +1)] (6)

(6)

There is a linear correlation between energy (hc,ps - hegy)
and solvent polarity function in a polar environment and also
in all solvents studied (Fig. 3a), the values of (1, - ug)z | a3 are,
0.82eV (1),091eV (2),1.09eV (3),1.26eV (4)and 1.31 eV
(5). Under the assumption that pi. >>p, and with the effective
spherical radius (ap) of the molecules, 5.61 A° (1), 6.00 A° (2),
6.08 A° (3), 6.15 A° (4) and 6.99 A° (5) (calculated by
molecular mechanics), Egs. 5 and 6 yield very similar values
of ueas 13.25 D (1), 14.98 D (2), 15.86 D (3), 17.85 D (4) and
25.84 D (5). The large value of Ap=1 - 1,~8.68 D (1), 11.24

D (2),17.29D (3), 18.56 D (4) and 20.21 D (5) corresponds to
a charge separation of range 0.3—0.6 nm which roughly agrees
with centre-to-centre distance between donor and acceptor
moieties and indicates the full electron transfer takes place in
all D- A systems studied.

According to Marcus [37], E (A)=AGy+A; and E (F)=
AGgoy - Ao, Where E(A) and E(F) are absorption and fluores-
cence band maxima in cm, ! respectively, AGgy is difference
in free energy of the ground and excited states in a given
solvent and A represents the reorganization energy. The free
energy changes of solvation and reorganization energies in
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Fig.2 a Solvatochromic shift of energy related to CT absorption maxima
as a function of solvent polarity function; b Dipolemoments direction in
ground and excited states; ¢ Solvatochromic shift of energy related to CT
fluorescence maxima as a function of solvent polarity function

various solvents have been estimated. Under the assumption
that A\g= A = A, E (A)+E (F)=2AGyy; E (A) - E (F)=2 A. The
AG ¢}y 1s maximum for hexane and minimum in water and the
difference between these values give the free energy change
required for hydrogen bond formation. The plot of

@ Springer

Fig. 3 a Solvatochromic shift of energy related to Stokes shift as a
function of solvent polarity parameter; b Plot of free energy change AG
versus solvent polarity function of each solvent; ¢ Plot of rate constant k
against change in free energy

AGgo1y=(AGhpex - AGyaer) Versus solvent polarity function
has been depicted in Fig. 3b [38]. In aprotic solvents the
values are small and interaction of phenanthrimidazole deriv-
atives with those solvents is purely due to dipolar interactions
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Fig. 4 a HOMO-LUMO orbitals contour map; b Correlation between
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in the excited state. The definite values of reorganization
energy confirmed the interaction between solvent and solute.
The electronic coupling interaction between donor and accep-
tor fragments through the intervening o-bond has been ex-
plained by Turro et al., [39]. The rate constant (kgt) for
electron transfer has been calculated using the equation, kgt

_ (1/T)(A/16TRT)"? exp(—Ag/4RT) [40, 41]. The rate constant
(kgr) plotted against the change in free energy is shown in
Fig. 3¢ which reveal an initial rise of the rate with increasing
free energy change followed by an inverted region where
further increases of the driving force leads to a decrease in
rate.

The wave function of spectroscopic CT state is a linear
combination of zero-order ET state ('ET) with various locally
excited 1(7'c, 7T*) states (Lel1 and L{ states of the donor moieties
due to low energy) and with ground state (S) [42],

Ver=CerPir + Co®p, + Co®yy, + Codly (7)

where &), PLr, b1, and D}, represent the closed-shell
configuration of ground state, zero-order wave functions of pure
'ET state and L and Ly states of the donor moieties, respec-
tively. The 'ET state indicates electron transfer from HOMO
orbital of the donor to LUMO orbital of the acceptor. The
frontier molecular orbital diagram (Fig. 4a) shows the HOMO
electron density is localised on the phenanthrimidazole moiety
and the LUMO electron density is localised on the naphthyl
fragment and also imply that there is a charge transfer from
HOMO to LUMO orbitals. The obtained Ay, 8.68 D (1), 11.24
D (2),17.29 D (3), 18.56 D (4) and 20.21 D (5) suggest that the
wave functions (1&7) of the 'CT states are in the order 5>4>3>
2>1. The value of hcv,, is also following the same trend
which is due to mixing of the lowest pure 'ET state with ' (7r, 70%)
excitation leads to lowering 'CT energy due to a stabilisation of
such interactions. It is also in agreement with the magnitude of
electronic coupling elements 7§ estimated from Eq. 3 reveal the
contribution of '(7r, 7v*) character to the wave function ¥ér
should decrease in the order of 5>4>3>2>1.

The reorganisation energy (Ao) is related to low-frequency
motions such as reorientation of the solvent shell (A;) as well
as any other low-frequency and medium frequency nuclear
motions of the solute (0Ag). The inner reorganization energy
(A corresponds to high-frequency motion associated with
changes in the solute bond length and angle. The low-
frequency reorganization energy (Ay) depend on solvent po-
larity (Fig. 4b) shown by the following expression:

Table 2 Slopes and intercepts of the solvatochromic plots of the CT fluorescence of the phenanthrimidazoles (1-5)

Compd. Nonpolar solvents and polar solvents Polar solvents only Nonpolar solvents and
polar solvents
Ap®) M) e ey He (e b/ ageV e Up' eV Helie-mg/ ageV (M- /ageV
1 8.68 13.25 3.19 0.82 3.30 1.00 1.00
2 11.24 14.98 3.21 0.91 342 1.15 1.30
3 17.29 15.86 3.23 1.09 3.46 1.29 1.32
4 18.56 17.85 3.25 1.26 3.49 2.34 1.40
5 20.21 25.84 3.62 1.31 3.80 1.42 1.43
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A= Ao=ONa + (1ettg) /a3 [(e=1)/(2 e +1)=" /, (n>=1)/ (202 + 1)]
(8)

The values of (p. - 1) %/ a3 [(1.00 eV (1), 1.30 eV (2),
1.32 eV (3), 1.40 eV (4) and 1.43 eV (5)] obtained from the
slope of the plots agree with those displayed in Table 2. This
finding also supports that the wave functions ()¢7) of the 'CT
states are in the order of 5>4>3>2>1 and also the conforma-
tion of the emitting ' CT states does not differ remarkably from
that in the ground state.

Conclusions

Photo induced intramolecular charge transfer states of selected
D-A derivatives of phenanthrimidazole containing naphthyl
as an electron acceptor has been analysed by electronic spec-
tra. Relatively small energy gap between the lowest CT states
and the locally excited states reveal that an increasing contri-
bution of 71, 7t * character to the wave function of the CT
states. This leads to lowering of energy by stabilizing such
interactions and results red shift in the fluorescence spectra.
The (e - 1g)’ / @y are, 0.82 eV (1), 0.91 eV (2), 1.09 eV (3),
1.26 eV (4) and 1.31 eV (5) calculated from the linear corre-
lation between energy (hc ., - he g,) and solvent polarity
function. The electronic coupling element (V) calculated by
using Ap=1 - 1;~8.68 D (1), 11.24 D (2),17.29 D (3), 18.56
D (4) and 20.21 D (5) gives information that the conformation
of the emitting 'CT states does not differ from that in the
ground state. The calculated free energy change indicates the
electron transfer is in the inverted Marcus region.
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