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Donor-m-acceptor-m-auxiliary acceptor type compounds have been designed and synthesized to study
their rigidity and structural effects on optical properties. Structural variation is achieved by changing the
central m-conjugated core with naphthalene, acenaphthene and phenanthrene based donor-m-acceptor
compounds containing N, N-diethyl aniline or morpholine as donor and pyrazine ring fused with phe-
nanthroline as acceptor. A detailed study of positive and negative acidochromism is performed. Intra-
molecular charge transfer, solvatochromism and highly polar excited state of these compounds are
elucidated by Lippert-Mataga, Mac-Rae and Reichardt correlations. Multilinear regression analysis using
Kamlet-Taft and Catalan parameters is also performed to support the observed solvatochromism in
absorption and emission spectra from non-polar to polar solvents. All the spectroscopic results were
correlated theoretically by Density Functional Theory (DFT) computations.
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1. Introduction

Rigid polyaromatic planar heterocyclic compounds with donor-
m-acceptor architecture have attracted much attention in recent
years due to their special electro-optical properties originating
from their low band gap [1,2]. Due to their facile synthesis, versa-
tility, strong electron-withdrawing ability and easy functionaliza-
tion different pyrazine derivatives such as 2, 3-diphenylquinoxaline
[3—6], thienopyrazine [7—9], pyridopyrazine [10,11] have been
successfully implemented in field effect transistors [12—14],
photovoltaic devices [15,16] and light-emitting diodes (LEDs)
[17—20]. At the same time, several researchers have developed
pyrazine or quinoxaline based organic sensitizers for their high
performance in dye sensitized solar cells (DSSC) [21—25]. Different
pyrazine mediated m-extended long chain fused azacene de-
rivatives have been reported [26,27] and applied in bulk hetero-
junction organic solar cells [28,29], n-type organic semiconductors
[30—33] and as charge transfer species [34—38].

Dipyrido[3,2-a:2’,3’-c]phenazine (dppz) ligand is a combination
of 1,10 phenanthroline and quinoxaline system. The diimine site of
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dppz allows coordination with various transition metal ions to yield
stable metal—organic complexes and introduction of functional
groups in the dppz core can fine tune the HOMO-LUMO gaps of
resultant compounds [39—42]. As the pyrazine core in dppz ligand
acts as an electron acceptor, its intramolecular charge transfer (ICT)
character was tested by attaching different electron donating group
on the side arms at different positions keeping two more nitrogen
free as the metal chelating site [43,44]. Novel fused pyrazino-
phenanthroline systems with ICT and solvent sensitive emission
behavior were studied also [45].

A very good structure-property relationship, variation in band
gap and strengthening of ICT character was found after fusing
thiophene or benzene rings and/or putting additional donating
groups on main pyrazine core at different locations [36,46—48]. The
environment sensitive fluorescent dyes e.g. solvatochromic dyes,
found their applications for monitoring protein, DNA and bio-
membranes. These dyes show strong changes in their dipole mo-
ments upon electronic excitation and thus show red shift in their
emission maximum upon an increase in polarity of the solvent
environment [49—53]. Few phenazine based solvatochromic dyes
are also reported where pyrazine core acts as electron acceptor
[54—56]. Recently from our group phenazine fused benzocoumar-
ins were reported where negative and positive solvatochromisms
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were observed [57,58].

On protonation of the central electron withdrawing nitrogen of
different pyridine type heterocyclic compounds enhancement in
electron withdrawing ability and stabilization of LUMO were
observed causing a dramatic red-shift in absorption [59—62]. Few
nitrogen containing heterocycles were also studied for their acid-
ochromic properties where extraordinary red shift in absorption
Amax was observed on addition of TFA [63—66].

We synthesized four novel benzo[h]dipyrido[3,2-a:2’,3'-c]
phenazine derivatives where 5,6-diaminophenanthroline was used
to obtain more more extended conjugation with two more free
nitrogen atoms as metal chelating sites and as supporting electron
acceptor. To get the desired amine substituted phenazine de-
rivatives we used potassium 3,4-dioxo-3,4-dihydronaphthalene-1-
sulfonate instead of naphthalene-1,2-dione which was synthesized
by following the reported procedure [67] where the sulfonate salt
acts as better leaving group than hydrogen in a Michael type
addition. We synthesized two more derivatives by substituting 5-
bromoacenaphthylene-1, 2-dione and 3-bromophenanthrene-9,
10-dione with morpholine to study the structural effects on the
electrochemical and photophysical properties. The respective 5-
bromoacenaphthylene-1, 2-dione and 3-bromophenanthrene-9,
10-dione intermediates were synthesized by following the reported
procedure [68,69]. As the donor-acceptor interaction in such mol-
ecules is mainly dependent on the strength of the donor or
acceptor, conjugation length and nature of the conjugating unit, we
incorporated almost same donating group i.e. morpholine and
varied the conjugation length except in the case of compound 4
where N, N-diethyl aniline was used as donating group. The
structures of all the four newly synthesized donor-acceptor com-
pounds are represented in Fig. 1.

2. Experimental section
2.1. Materials and equipments

All the required chemicals were obtained from commercial
sources and used as received without any further purification. The
solvents used for synthesis and analytical measurements were
obtained from S. D. Fine Chemicals (India), dried by following
standard procedures and distilled prior to use. All the reactions
were monitored by TLC (thin layer chromatography) with detection
by UV light. 100—200 Mesh silica was used in column chromatog-
raphy as the stationary phase for purification. 'H and 3C NMR
spectral data were recorded on a 500 MHz instrument using TMS as
an internal standard. Mass spectra were recorded on Finnigen mass
spectrometer and HRMS analysis was done using a QTOF LC/MS
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spectrometer. The absorption and emission spectra were recorded
at room temperature using a 10 mm cuvette with a 2.5 nm slit
width. Emission quantum yields were obtained by using coumarin-
6 (®F = 0.94 in chloroform) as reference. Cyclic voltammetry ex-
periments were performed using glassy carbon (2 mm diameter) as
working electrode, platinum wire as counter electrode, and stan-
dard calomel electrode as reference electrode with 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBusNPFg) as sup-
porting electrolyte in DCM solvent.

2.2. Computational methods

The ground state (Sp) geometry of all compounds was optimized
using Density Functional Theory (DFT) [70] by using the Gaussian
09 package and the popular hybrid functional B3LYP. The B3LYP
combines Becke's three parameter exchange functional (B3) [71]
with the nonlocal correlation functional by Lee, Yang, and Parr
(LYP) [72]. The basis set used for all atoms was 6-31G (d) in both
DFT and time-dependent density functional theory (TD-DFT)
method. The low-lying first singlet excited states (S1) of the dyes
were relaxed to obtain their minimum energy geometries using the
TD-DFT. The vertical excitation energies and oscillator strengths
were obtained for the lowest 10 singlet-singlet transitions at the
optimized ground state equilibrium geometries by using TD-DFT at
the same hybrid functional and basis set [73]. Emissions were ob-
tained by calculating difference between the energies of the opti-
mized geometries at first singlet excited state and ground state.
Frequency computations were also carried out on the optimized
geometry of the low-lying vibronically relaxed first excited state of
conformers. The computations in various solvent media were car-
ried out using the self-consistent reaction field (SCRF) under the
polarizable continuum model (PCM) [74]. Optimized ground
structures were utilized to obtain the electronic absorption spectra,
including maximum absorption and emission wavelengths, oscil-
lator strengths, and main configuration assignment by using TD-
DFT with the PCM model.

2.3. Synthesis

2.3.1. synthesis of 4-(4-(diethylamino)phenyl)naphthalene-1,2-
dione (2)

The diketo compound (2.8 g, 10.13 mmol) was dissolved in
methanol: water (3:1) (30 mL) and then N,N diethyl aniline (2.1 mL,
13.173 mmol) was added in the reaction mixture slowly and stirred
for 24 h at room temperature. On completion the reaction mixture
was concentrated by evaporating methanol. The dark blue colored
solid separated out was filtered and dried well to get pure product

Fig. 1. Structure of the synthesized compounds.
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(1.4 g). The filtrate was further concentrated to its half amount and
filtered again to get the second crop of the product (0.4 g).
Yield = 1.8 g (58.25%). Melting point = 128—133 °C. 'H NMR
(500 MHz, CDCl3): 9 1.22—1.24 (t, ] = 5.5, 6H), 3.43—3.45 (q, 4H),
6.43 (s, 1H), 6.73—6.75 (d, ] = 7.5, 2H), 7.36—7.38 (d, ] = 7.5, 2H),
7.51-7.59 (m, 3H), 8.16—8.18 (d, ] = 6.5, 1H). 13C NMR (125 MHz,
CDCl3): 8 12.57,44.51,111.03, 122.54, 125.46, 129.86, 130.28, 130.32,
130.41, 132.00, 134.64, 135.35, 149.29, 157.44, 180.19, 180.52.

2.3.2. synthesis of 4-morpholinonaphthalene-1,2-dione (3)

The diketo compound (2.8 g, 10.13 mmol) was dissolved in
minimum amount of water and then morpholine (2.1 mlL,
13.173 mmol) was added slowly. Red colored product separated out
immediately. After stirring for 10 min the reaction mixture was
cooled to O °C, filtered and dried to get the pure product (1.8 g,
58.25%). Melting point = 164—168 °C. 'TH NMR (500 MHz, CDCl5):
3 3.35—3.37 (t, ] = 4.5, 4H), 3.92—-3.94 (t, ] = 5, 4H), 5.98 (s, 1H),
7.52—7.57 (m, 2H), 7.63-7.66 (t, ] = 7.5, 1H), 8.09—-8.11 (d, ] = 7.5,
1H). >C NMR (125 MHz, CDCl3): 51.63, 66.21,109.84, 126.70, 129.80,
130.93, 132.02, 132.06, 134.23, 163.39, 178.71, 180.34.

2.3.3. synthesis of 5-morpholinoacenaphthylene-1,2-dione (8)

Compound 7 (1 g, 3.831 mmol) was dissolved in N, N dimethyl
acetamide (10 mL), K»CO3 (0.79 g, 5.747 mmol) and Cul (0.72 g,
3.831 mmol) followed by morpholine (0.49 mL, 5.747 mmol) was
added and the mixture was heated at 90 °C for 4 h. Water was
added to the red colored reaction mixture at room temperature.
The solid precipitated out was filtered, dried and purified by col-
umn chromatography using 20% EtOAc in hexane to get the pure
product. (0.61 g, 59.80%) Melting point = 222—227 °C. 'H NMR
(500 MHz, CDCl3): 3 3.38—3.40 (t, ] = 4.5, 4H), 4.02—4.04 (t,] = 4.5,
4H), 7.20—7.21 (d,] = 8, 1H), 7.72—7.75 (t,] = 7.5, 1H), 7.99—8.00 (d,
J = 7, 1H), 8.04—8.05 (d, ] = 8, 1H), 8.23—8.25 (d, ] = 8.5, 1H). 3C
NMR (125 MHz, CDCl3): 8 52.51,66.84, 115.13,121.92, 123.43, 124.05,
124.83, 127.08, 128.88, 129.49, 148, 154.68, 186.24, 189.51.

2.3.4. synthesis of 3-morpholinophenanthrene-9,10-dione (12)

Compound 11 (1 g, 3.483 mmol), K,CO3 (0.72 g, 5.224 mmol),
Cul (0.13 g, 0.696 mmol) were dissolved in DMF (10 mL). Mor-
pholine (0.45 g, 5.224 mmol) was slowly added and the mixture
was heated at 90 °C for 4 h. After completion water was added to
the reaction mixture and extracted with ethyl acetate (3 x 50 mL).
The organic layer was evaporated on rotavapour after passing
through anhydrous NaySO4 and the crude product obtained was
purified on column chromatography (15% EtOAc in hexane) to get
the pure product (0.47 g, 46.07%). Melting point = 252—256 °C. 'H
NMR (500 MHz, CDCl3): & 3.54—3.56 (t, ] = 5, 4H), 3.73—3.75 (t,
J =5.5,4H), 7.00—7.05 (dd, ] = 9 and 2.5, 1H), 7.49—7.53 (t, ] = 8, 1H),
7.59-7.60 (d, ] = 2.5, 1H), 7.73-7.76 (td, ] = 7.5 and 1.5, 1H),
7.87—-7.89 (d,] =9, 1H), 7.96-7.98 (dd, ] = 8 and 1.5, 1H), 8.40—8.41
(d, J = 7.5, 1H). 3C NMR (125 MHz, CDCl3): 3 51.97, 71.28, 113.10,
119.04, 126.62, 130.20, 134.20, 134.85, 136.74, 137.68, 140.65, 141.05,
142.46, 160.96, 181.91, 186.20.

2.3.5. General procedure for the synthesis of compound 4, 5, 9, 13

The respective diketo compound and 1, 10-phenanthroline-5, 6-
diamine were dissolved in methanol followed by catalytic amount
of acetic acid and the mixture was refluxed for 5—6 h. The mixture
was cooled to room temperature and the solid separated was
filtered, washed with small amount of cold methanol followed by
hexane and dried well to get red colored product.

2.3.5.1. 4-(Benzo[h]dipyrido[3,2-a:2',3"-c[phenazin-14-yl)-N,N-dieth-
ylaniline (4). Compound 4 was synthesized by following the gen-
eral procedure described above. 1, 10-Phenanthroline-5, 6-diamine

(0.4 g, 1.902 mmol) and compound 2 (0.75 g, 2.473 mmol) were
refluxed in methanol. (Yield: 0.75 g, 82.23%). Melting
point = 256 °C. '"H NMR (500 MHz, CDCl3): § 1.22—1.24 (t, ] = 5.5,
6H), 3.43—3.45 (q, 4H), 6.43 (s, 1H), 6.73—6.75 (d, ] = 7.5, 2H),
7.26—7.59 (m, 6H), 8.16—8.18 (d, ] = 6.5, 1H). >C NMR (125 MHz,
CDCl3): 9 12.37, 29.66, 123.81, 125.26, 127.00, 127.32, 127.47, 127.61,
129.26, 131.10, 133.30, 140.28, 140.54, 142.21, 147.65, 147.73, 151.86,
152.00. HRMS (ESI): m/z caled for (M + H)' C3;HasNs 480.2182;
found 480.2158.

2.3.5.2. 4-(Benzo[h]dipyrido[3,2-a:2',3'-c]phenazin-14-yl)morpho-
line (5). Compound 5 was synthesized by following the general
procedure described above 1, 10-phenanthroline-5, 6-diamine
(0.3 g, 1427 mmol) and compound 3 (0.45 g, 1.855 mmol)
refluxed in methanol. (Yield: 0.5 g, 84.03%). Melting point = 282 °C.
TH NMR (500 MHz, CDCl3): 3 3.32—3.33(3, 4H), 4.07—4.08 (t,] = 4.5,
4H), 7.46 (s, 1H), 7.72—7.75 (m, 2H), 7.78—7.80 (m, 2H), 8.21-8.23
(m, 1H), 9.22—9.26 (m, 2H), 9.37—9.39 (m, 1H), 9.46—9.48 (dd,] = 8
and 1.5, 1H), 9.56—9.58 (dd, ] = 8.5 and 1.5, 1H). 3C NMR (125 MHz,
CDCl3): 9 53.16, 67.10, 112.80, 123.93, 124.20, 125.68, 127.35, 127.73,
127.91, 129.37, 130.20, 131.70, 133.36, 133.47, 137.15, 139.46, 139.90,
143.54,146.68, 147.05, 151.39, 151.75, 153.26. HRMS (ESI): m/z calcd
for (M + H)™ C26H19N50 418.1662; found 418.1650

2.3.5.3. 4-(Acenaphtho[1'2":5,6]pyrazino[2,3-f][1,10]phenanthrolin-
12-yl)morpholine (9). Compound 9 was synthesized by following
the general procedure described above 1, 10-phenanthroline-5, 6-
diamine (0.23 g, 1.12 mmol) and intermediate 8 (0.3 g, 1.12 mmol)
refluxed in methanol. (Yield: 0.28 g, 57.57%). Melting point >300 °C.
TH NMR (500 MHz, CDCl3): & 3.41 (t, 4H), 4.08 (t, 4H), 7.23—7.25(d,
J=17.5,1H), 7.79—7.82 (m, 3H), 8.23—8.25 (d, ] = 8.5, 1H), 8.34—8.35
(d,] =7,1H), 8.43—8.45 (d, ] = 7.5, 1H), 9.27 (m, 2H), 9.66—9.69 (t,
] =7, 2H). 13C NMR (125 MHz, CDCl3): 3 53.51, 66.73, 112.01, 114.30,
116.60, 118.89, 122.35, 123.26, 126.53,128.32, 129.39, 134.25, 135.51,
135.90, 136.96, 137.16, 137.52, 137.87, 152.58, 152.74, 153.84. HRMS
(ESI): m/z calcd for (M + H)* CogH19N50 442.1662; found 442.1631.

2.3.5.4. 4-(Dibenzo[a,c]dipyrido[3,2-h:2',3'-j[phenazin-12-yl)mor-
pholine (13). Compound 13 was synthesized by following the
general procedure described above phenanthroline-5, 6-diamine
(0.21 g, 1.023 mmol) and compound 8 (0.3 g, 1.023 mmol) were
refluxed in methanol. (Yield = 0.220 g, 46.02%). Melting point
>300 °C. 'TH NMR (500 MHz, CDCl3): 3 3.20 (t, 4H), 3.87 (t, 4H),
6.55—6.57 (d, ] = 7.5, 1H), 6.76 (s, 1H), 7.20—7.27 (m, 2H), 7.64—7.85
(m, 4H), 8.19-8.20 (d, J = 4.5, 1H), 8.68—8.69 (d, ] = 6, 1H),
8.79—8.81 (d, ] = 6, 1H), 8.98—9.00 (m, 2H). HRMS (ESI): m/z calcd
for (M + H)"™ C30H,1N50 468.1819; found 468.1800.

3. Result and discussion
3.1. Discussion of synthesis

Synthesis of compounds 4 and 5 were accomplished by reacting
N, N-diethyl aniline and morpholine with intermediate 1 in
methanol-water mixture and in neat water respectively. Michael
addition reaction of morpholine with a, B unsaturated ketone was
found much easier in the presence of sulfonate salt. After the
addition of morpholine to the slightly wet sulfonate salt red colored
intermediate 3 was formed immediately, and after a span of 24 h at
room temperature black colored intermediate 2 was formed
[66,75—77]|The intermediates 2 and 3 were treated with 1, 10-
phenanthroline-5, 6-diamine in methanol at reflux condition for
5—6 h to obtain the desired compounds 4 and 5 respectively
(Scheme 1). 1, 10-Phenanthroline-5,6-diamine was synthesized by
following the reported procedure [78]. Intermediates 7 and 11 were
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Scheme 1. Synthetic route for compounds 4, 5, 9 and 13.

synthesized by following the reported procedure [68,69] and
treated with morpholine using potassium carbonate and cuprous
iodide as catalyst in N, N-dimethylformamide (DMF) as solvent at
90 °C for 45 h to obtain the reddish colored intermediate 8 and 12
respectively. The crude products were purified by column chro-
matography and further treated with 1, 10-phenanthroline-5, 6-
diamine to obtain the desired compounds 9 and 13 respectively
(Scheme 1). Compounds 4, 5 and 9 were isolated as pure products.
Compound 13 was further purified by column chromatography. All
the four compounds 4, 5, 9 and 13 were characterized by TH NMR,
13C NMR and HR-LCMS analysis. Due to extra nitrogen atoms these
compounds are quite insoluble in CDCl3 and also precipitated out
from DMSO-dg, hence we added very slight deuterated TFA to
complete 'H NMR analysis except compound 5 which shows very
good solubility in common organic solvents. All the compounds are
yellow to reddish in color and shows optimum to very good solid
state fluorescence.

3.2. Photophysical properties

Absorption spectra of all the four compounds were recorded in
chloroform using their 10 pM solutions as shown in Fig. 2 and
related photophysical parameters are compiled in Table 1. All the
compounds exhibited very broad absorption spectra with at least
two distinct absorption maxima. The lowest energy transition
around 420—450 nm is mainly due to the charge transfer (CT) band
originating from the HOMO of morpholine donor and LUMO of

0.5
045
e ——Comp 4
o 0.35 -
S o3 —a—Comp 5
.g 0.25 ——Comp 9
f s —e—Comp 13
< 015
0.1
0.05
0
285 385 485 585
Wavelength (nm)

Fig. 2. Comparative absorption spectra of compounds 4, 5, 9 and 13.

pyrazine acceptor supported with two more accepting electron of
rigid phenanthroline moiety. In compound 4 and 13 the second
lowest energy -7 transition peak observed at 340 nm can be
explained on the basis of their extended conjugation through extra
phenyl ring, which is not present in compound 5 and hence shows
single absorption peak at 422 nm. Comparatively blue shifted and
sharp absorption peak around 365 nm with shoulder peak around
400 nm is observed for compound 9 is mainly due to the higher
energy required for the electrons to navigate around the ace-
naphthene structure. This derivative especially enclose one more
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Table 1
Photophysical parameters of compound 4, 5, 9 and 13 before and after the addition of TFA.
Compound  Azps (NM)  emax X 104 (M~ cm™!)  fwhm (nm)  Aems (nm) ~ Stokes shift L Aabs (Comp + TFA)  (emay X 10%) (Comp + TFA) K, x 108 (S71)
1 (nm) (M~'em™)
(nm) (cm™")
4 341 232 39 - 259 12658 — - - 1.85
444 2.13 81 600 156 5855 0.154 417 19 1.51
5 424 1.79 101 525 101 4537 0.91 538 147 1.11
9 364 437 110 539 175 8920 0.071 332 4.55 3.15
13 334 2.94 59 — 197 11108 — - - 2.94
421 2.28 65 531 110 4920 0421 404 3.09 2.28

extra five membered ring which makes the structure again more
tight to show sharp absorption peak with highest molar extinction
coefficient [45]. The third and highly energetic transition around
300 nm for all four compounds consists of various vibrational
components of the same 7-7 electronic transition. Among all the
four compounds the highest molar extinction coefficient is
observed for compound 9 while the lowest one is for compound 13.
Similarly due to its extended conjugation and effective N,N diethyl
aniline donor compound 4 shows absorption maxima at the longest
wavelength among all the four compounds. To gain further insight
into the photophysical process of these donor-acceptor compounds
we investigated the absorption and emission behavior of com-
pounds 4, 5, 9 and 13 in different solvents. Slight red shift in ab-
sorption spectra after increasing solvent polarity (Fig. S2-5S4)
indicates that negligible intramolecular interaction between donor
and acceptor groups is present in the ground state.

Similarly as represented in Fig. 3 emission spectra of these
compounds were studied using their 10 pM solutions in chloro-
form. These are yellowish-orange bright fluorescent compounds
showing broad emission spectra starting from 500 nm and
extending up to 700 nm as shown in Fig. 3. As cited in Table 1,
compound 5 shows maximum fluorescence quantum yield as
compared to the other derivatives i.e. compound 4, compound 9
and compound 13, mainly due to the effective charge transfer from
donor to acceptor pyrazine ring and compound 4 is showing red
shifted emission among all four compounds due to its the longest
conjugation length between the donor N N diethyl aniline and
acceptor pyrazine moiety. The normalized absorption as well
emission spectra for all the four compounds is represented in
Fig. S1. Photophysical parameters like full width half maximum
(FWHM), molar extinction coefficient, Stokes shift, quantum yield,
oscillator strength (f), transition dipole moment (}leg), radiative and
non-radiative rate constant (Kr and Knr) and fluorescence lifetime
(1) of all the four compounds in different non-polar to polar sol-
vents were evaluated and represented in Table 2 and Table S1-S3.

As two prominent absorption peaks were observed for

900
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400
300

mission Intensity (a.u.)

200

E

100

500
Wavelength (nm)

600

Fig. 3. Comparative emission spectra of compounds 4, 5, 9 and 13.

compounds 4 and 13 we calculated all the parameters related to
both of these absorptions and it is observed that for both the
compound particularly low energy absorption maxima is related
with the maximum FWHM, radiative rate constant and fluores-
cence lifetime in all the solvents.

A value for transition dipole moment has been calculated which
is a measure of the probability of radiative transitions from ground
to excited state and correlated to the oscillator strength as repre-
sented in equation (1)

Hge = 2.13 x 10*30’;7 (1)

where f = oscillator strength and v = absorption wave number in
-1
cm

Oscillator strength (f) is expressed as

f=432 x 10*9/8(5)(15 (2)
and can be obtained by integrated absorption coefficient.

For all the four derivatives from non polar to polar solvent
quenching of fluorescence resulted into the lowering of quantum
yield and red shifted emissions are observed. Due to its unique rigid
structure compound 9 shows highest values of molar extinction
coefficient, FWHM, Stokes shift, oscillator strength and transition
dipole moment among all the four derivatives, while compound 5
shows highest values of quantum yield, fluorescence lifetime and
minimum non-radiative decay constant among all the four de-
rivatives as expressed by Strickler Berg equation

Kr—2.88 x 10922, / erdy 3)

where 7, is the average wave number corresponding to the 0—0
transition and the integral part is evaluated from the area under the
curve of absorption and emissions in all solvents.

Compound 9 shows highest values of radiative as well as non-
radiative rate constants in all four derivatives. After knowing the
values of observed quantum yield, fluorescence lifetime (t) can be
calculated using equation (4)

T = OF /Kr (4)

As fluorescence lifetime is directly proportional to observed
quantum yield, compound 5 shows highest fluorescence lifetime
while compound 9 shows lowest one among all the four de-
rivatives. By knowing fluorescence lifetime non-radiative decay
constant is calculated using equation (5)

Knr = (1 - OF)/r (5)

Compound 4 and 5 show lower value of non-radiative decay
constant (Knr) than their corresponding radiative decay constant
(Kr) in all solvents, while in the case of compound 9 and 13 the
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Table 2
Photophysical parameters of compound 4 in all solvents.

Solvent Aabs (NM)  €max x 10 (M~ " cm™")  fwhm (nm) Aems (nm)  Stokes shift i f TDM (debye) K; x 108(S™")  Knr x 108(S7") 7 (ns)
(nm) (cm™')

Comp 4

Dioxane 441 2.72 79 530 135 5314 0.571 038 6.02 1.31 0.04 7.45
Toluene 443 2.27 79 514 109 4457 0.734 033 559 1.48 0.07 6.38
Chloroform 444 213 81 526 156 5855 0.154 034 5.68 1.51 0.14 6.04
EtOAc 441 232 87 545 181 6598 0.046 035 5.79 1.14 0.15 7.66
THF 447 2.38 80 541 183 6498 0.035 034 5.75 1.17 0.24 7.06
Acetone 442 2.47 90 559 99 4140 0.004 035 5.74 1.01 0.96 5.07
MeOH 445 217 98 572 130 5080 0.022 04 6.18 1.15 0.34 6.66
Acetonitrile 442 2.24 94 559 116 4703 0.034 036 5.88 0.99 0.24 8.05
DMSO 456 2.57 97 584 116 4447 0.062 042 64 1.31 0.37 1.97

Dielectric constant (€) of solvents = Dioxane (2.25), Toluene (2.38), Chloroform (4.81), EtOAc (6.02), THF (7.58), Acetone (20.7), MeOH (32.7), Acetonitrile (37.5), DMSO (46.7).
Where EtOAc = Ethyl acetate, THF = Tetrahydrofuran, MeOH = Methanol and DMSO = Dimethyl sulfoxide.

values of Knr are higher than that of the Kr in respective solvents. In
polar solvents the value of Knr increases for all the four derivatives.

3.3. Acidochromism

On protonation of nitrogen based heterocycles such as pyridine,
pyrazine by using organic acids such as trifluoroacetic acid a dra-
matic red shift in absorption spectra is already reported [66]. In our
case we observed red as well as blue shifted absorption spectra on
the addition of 1-1000 eq of trifluoroacetic acid as represented in
Fig. 6.

In the case of compound 5 (Fig. 4), on addition of 10 eq of TFA
into 10 uM solution of the compound in toluene initially slight red
shifted peak at 434 nm was observed instead of original absorption
peak at 422 nm which was further replaced by totally new red
shifted absorption peak at 537 nm with shoulder peak at 446 nm
and 360 nm when up to 1000 eq of TFA was added into the solution.
This red shifted absorption peak observed on the addition of TFA is
represented as positive acidochromism and is mainly attributed to
the positively charged protonated segment of intermediate A as
shown in Scheme 2. A strong charge transfer from the electron rich
morpholine donor to the electron deficient positively charged
pyrazine acceptor is possible (intermediate A) which may be con-
verted to highly protonated species (intermediate B) in Scheme 2
on addition of excess TFA and no further enhancement in absorp-
tion Amax is observed. In the case of remaining compounds 4, 9 and
13 instead of protonation at pyrazine segment the nitrogen atom of
the morpholine donor may have protonated initially to form

05
045 ~—4— Comp
—o—102q TFA
04 —+—20eqTFA
—w—30eqTFA
0.35 =40 2q TFA
o » New peak after $02qTFA
g 03 Original peak protonation —+— 60 2q TFA
] —+—1502q TFA
£ o025 ﬂ o ——2002q TFA
5 —+—300 eq TFA
2 02 I ——4002q TFA
< ——5002q TFA
0.15 —u—600 2q TFA
77 . _/" ¥ =800 eq TFA
01 2N . —=—1000eqTFA
0.05 ‘—_’-—\ )
‘——-._ : o
0 - = —
300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 4. Positive acidochromism absorption spectra observed for compound 5 after the
addition of different amount of TFA.

intermediate C to afford the blue shifted absorption Amax. The
protonated intermediate C may not be showing effective charge
transfer causing blue shifted absorption spectra after the addition
of very small quantity of TFA and hence a negative acidochromism.
On addition of excess TFA highly protonated intermediate D may
have formed showing no further enhancement in molar extinction
coefficient. On addition of TFA, compound 9 shows a new absorp-
tion peak at 332 nm (Fig. 5), while compounds 4 and 13 show new
peak at 417 and 402 nm (Fig. S11 and S12). The absorption spectra
observed for all the four compounds before and after the addition
of TFA are represented in Fig. 6.

3.4. Solvatochromism

In the case of donor-acceptor compounds the polarity of sol-
vents strongly affects the excited state of the molecule by stabi-
lizing it through dipole-dipole, hydrogen bonding, and solvation
interactions (see Fig. 7). Hence we studied the solvent dependent
absorption as well as emission behavior of these compounds in
solvents of different dielectric constants. In polar solvents such as
chloroform, MeOH, acetonitrile and DMSO all the compounds
showed a less pronounced red shift in their absorption spectra and
a very large red shift in their emission spectra particularly in polar
solvents, indicating that the excited state is highly polar as
compared to the ground state, resulting in a stronger interaction of
polar solvents in the excited state and causing red shifted emis-
sions. These observations are further supported by the more posi-
tive difference in dipole moment of the ground and excited state
(i.e. pe > pg) and increased Stokes shift in polar solvents as
compared to the non-polar solvents (Table 2 and Tables S1-S3). The
normalized emission spectrum of compound 13 is shown in Fig. 8
indicates the highest shift in emission spectra (98 nm) from non-
polar to polar solvent. Compound 4, 5 and 9 show a red shift of
70, 52 and 58 nm in their emission spectra respectively.

Solvatochromism observed in these compounds with gradual
increase in Stokes shift with increase in the solvent polarity can be
correlated by using Lippert-Mataga equation [79]. Lippert- Mataga
equation is showing direct correlation of physical parameters of
solvent i.e. dielectric constant, refractive index and change in dipole
moment of the compound upon excitation with Stokes shift.

Stokes shift = ®abs — dems

Z(Lle - ug>2

AfLM + constant... (6)
hca

where v;ps and vems are absorption and emission expressed in
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Fig. 5. Negative acidochromism absorption spectra observed for compound 9 after the
addition of different amount of TFA.
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Fig. 6. Combined absorption spectra for compound 4, 5, 9 and 13 before and after the
addition of TFA.

cm~Lh = Planck’s constante = velocity of light in
vacuum,a = radius of the solvent cavity in which the fluorophore
resides (Onsager cavity radius),ug = ground-state dipole moment

450
—+—Toluene

s 0 —s—Dioxane
s —+—THF
-‘S 300 —+—EtOAc
£
S 250 —+—Chloroform
=
= 200 —e—Acetone
2 150 ——MeOH
-
E 100 —o—Acetonitrile

s0 —=—DMSO

]
400 500 600 700
Wavelength (nm)
Fig. 7. Emission spectra of compound 5.
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Fig. 8. Normalized emission spectra of compound 13.

andue = excited state dipole moment.

Afim - Lippert-Mataga function, also called as orientation
polarizability.

It is a very general equation for the effect of solvent on emission
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properties and does not account for specific solvent—fluorophore
interactions, e.g. hydrogen bonding. The plot of Stokes shift vs
orientation polarizability (Lippert-Mataga function) exhibited
linear relationship (Fig. 9) suggesting that solvent parameters such
as dielectric constant and refractive index are collectively respon-
sible for the red shift in emission. In addition, these compounds
also show different types of interactions with polar and non-polar
solvents. A linear relationship with polar solvents such as DMSO,
acetonitrile, methanol and acetone is due to the dipole-dipole
relaxation. Similarly linear relationship between non polar sol-
vents such as toluene and dioxane is observed. Also there is no
specific hydrogen bonding effect observed as protic solvent meth-
anol is showing linear behavior with Stokes shift.

As Mac Rae is the improved version of Lippert-Mataga where
solute polarizability in addition to the solvent polarizability is also
taken into account [80], we plotted the Mac Rae function(Afyr) vs
Stokes shift plots for all four derivatives in different solvent as
shown in Fig. S9 and found linear relationship which suggests that
the polarity originating from the dipole created by these dyes also
contributed to the solvatochromic shift observed in polar solvents.

It is correlated with the Stokes shift as

. 2<He - Hg)
Stokes shift = —— AfMR + constant... (7)
ca

where, Mac Rae function (Afyr) is defined as

e — 1 n? -1
sk = 23] - |52

where ¢ = Dielectric constant andn = Refractive index.

Similarly molecular-microscopic solvent polarity parameter
(EN) introduced by Reichardt [81,82] which correlates much better
with the solvatochromic shift of dipolar molecules rather than the
traditionally used bulk solvent polarity functions (for e.g. Lippert-
Mataga) is also plotted with the Stokes shift and linear relation-
ship is observed as shown in Fig. S10.

3.5. Multilinear regression analysis using Kamlet-Taft and Catalan
parameters

The solvent dependent spectral shift observed for organic
compounds is well explained by single-parameter scales like
Lippert-Mataga, Mac-Rae, (E¥ ) and other similar solvent parame-
ters, but it is found that these parameters are inappropriate to
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Fig. 9. Lippert-Mataga correlations between stokes shift and orientation polarizability

4.

explain exactly which solvent property or solute-solvent interac-
tion is responsible for the observed solvent dependent physi-
ochemical changes. Therefore a multi-parameter approach is
preferred and has been successfully applied to various physi-
ochemical processes for e.g., UV-Visible absorption spectra, emis-
sion maxima in fluorescence spectra, Stokes shifts, quantum yield,
radiative and non-radiative rate constants and fluorescence life
time, etc.
In general the multi-linear expression is given as

y=Yyo+aA+bB+cC+dD... (8)

where y is the solvent affected physiochemical property, yo stands
for the studied physiochemical property in the gas phase. When all
other solvent parameters are absent, then y = yg_a, b, c and d are
adjustable coefficients which reflect the dependence of y to the
various {A, B, C, D} solvent parameters. In this paper we studied
three different physiochemical properties (y) namely absorption
maxima (U;ps), emission maxima (Uemi) and Stokes shift (AG). The
solvent effects are divided into two main categories namely (a)
specific interactions for e.g. localized donor-acceptor interactions
which involves specific orbitals and acid-base interactions which
involves hydrogen bonding. (b) Non-specific interactions origi-
nated from solvents which act as dielectric continuum. Though
there are different solvent scales available in the literature, those
provided by Kamlet and Taft [83,84] is most frequently used and
expressed as ...

Y = Yo+aga+bgf+cr.mx (Kamlet — Taft) (9)

where o represents effect of acidity (hydrogen-bond donating
ability) of solvent, B represents effect of basicity (hydrogen-bond
accepting ability) of solvent and * represents the collective effect
of solvent polarity (also known as dipolarity) and polarizability. But
if acidity or basicity of solvents is not affecting on the value of y,
then among polarity and polarizability it is difficult to sort out
which factor is exactly influencing the studied physiochemical
property y, hence Catalan [85—87] proposed another expression ...

Y = Yo+asaSA + bsgSB + cspSP + dggqpSdP (Catalan) (10)

where instead of three, total four solvent parameters namely SA
(solvent acidity), SB (solvent basicity) SP (solvent polarizability)
and SdP (solvent dipolarity) were introduced where the newly
introduced parameter SAP can make difference between the exact
contribution of solvent polarizability (SP) and solvent dipolarity
(SdP). Also the individual solvatochromic parameters explained by
Catalan are based on well-defined reference processes as opposed
to the Kamlet-Taft parameters which are based on the average of
several solvent-dependent processes. Since the Kamlet-Taft pa-
rameters are well established and Catalan parameters are the
improved and modified version of it, we used both these ap-
proaches simultaneously to understand exactly which factor is
mostly affecting the slightly blue shifted absorption spectra, red
shifted emission spectra and increased Stokes shift in polar solvents
of four pyrazine based fused donor-acceptor m-conjugated com-
pounds in solvents of different acidity, basicity or polarity. The
Kamlet-Taft parameters [88] and Catalan parameters [89] were
taken from the literature.

Multi-linear analysis of absorption maxima (Usps), emission
maxima (Oemi) and Stokes shift (AU) for compound 4 in nine
different sets of solvents were carried out by using both Kamlet-Taft
(2) and Catalan (3) parameters (Table 3). Analysis of absorption
spectra (Uaps) of compound 4 in different solvents shows compar-
atively higher correlation coefficient (0.91) obtained by Catalan
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Table 3

Estimated coefficients (yo, a, b, ¢, d), their standard errors and correlation coefficients (r) for the multi-linear analysis of (Taps), (Jemi) and (AT) of compound 4 as a function of
Kamlet-Taft (2) and Catalan (3) solvent scales. Where, o or SA for solvent acidity,  or SB for solvent basicity, 7* for collective parameter of solvent dipolarity and polarizability
according to Kamlet-Taft equation, SAP and SP for solvent dipolarity and polarizability respectively according to Catalan equation.

Kamlet-Taft vo x 10° ay bg Cre r

Uabs 23.18 + 0.31 0.02 + 0.24 —0.26 + 0.44 —0.89 + 0.61 0.34
Uemi 20.72 + 041 -0.74 + 0.31 —1.60 + 0.57 -2.54 +0.79 0.89
AD 8.15+ 1.21 —-1.20 + 0.92 3.05 + 1.69 —6.22 + 2.35 0.34
Catalan vo x 10° asa bsg Csdp dsp r

Uabs 25.08 + 0.30 -0.34 + 0.14 —0.46 + 0.13 -0.42 +0.11 —-2.91 +£ 037 091
Oemi 21.06 + 0.82 —0.58 + 0.40 —1.42 + 0.36 —-2.01 £0.29 —1.04 + 1.03 0.93
AD 7.78 + 4.78 —-0.43 + 2.35 133 +2.15 —1.60 + 1.72 —-2.75 + 6.00 -0.55

method than the one obtained by Kamlet-Taft method (0.31). Very
high standard error and low correlation coefficient observed for
solvent acidity factor suggest that it is not playing any prominent
role for the change in absorption spectra in different solvent po-
larities but at the same time no conclusive results are obtained for
remaining three factors also. Analysis of emission spectra (Uaps) of
compound 4 also shows better results by Catalan method (r = 0.93)
than Kamlet-Taft method (r = 0.89). By plotting the individual plots
with each factor and seeing the correlation coefficients it can be
concluded that solvent basicity (bsg) is the main factor responsible
for the shift in emission spectra along with the little contribution
from solvent polarity and polarizability factor while the role of
solvent acidity factor is totally absent. For the absorption spectra of
compound 5, after overlooking the values of four solvatochromic
parameters obtained by both the methods (Table S4) and higher
correlation coefficient obtained by Catalan method (0.83) than by
Kamlet-Taft method (0.21), it can be predicted that solvent polar-
izability (dsp) is the main factor affecting the absorption spectra,
which was further confirmed by the plot of absorption values (U;ps)
with each individual solvent parameter. For emission spectra of
compound 5, again Catalan parameters show more conclusive re-
sults than the Kamlet-Taft parameters. All the negative values ob-
tained for all the solvent parameters (except dsp) support the red
shift observed in emission spectra from non-polar to polar solvents.
By plotting emission frequencies (Uemi) with individual solvent
parameters it can be concluded that the solvent dipolarity param-
eter (csqgp) obtained by Catalan method followed by the solvent
basicity parameter (bsg) obtained by Kamlet-Taft method are the
main factors responsible for the red shift in emission spectra while
the remaining two factors are not contributing at all.

In the case of compound 9 solvent polarizability is the main
factor which affects the absorption spectra, while solvent dipolarity
(csgp) followed by solvent basicity (bsg) are the main factors
responsible for the red shifted emission spectra (Table S5). Here,
estimated coefficients observed for the emission spectra show
more conclusive results than that observed for the absorption
spectra by both Kamlet-Taft and Catalan method. For compound 13,
estimated coefficients observed for absorption data (0,ps) show
very poor fit of multi-linear analysis by both Kamlet-Taft and
Catalan method (Table S6); hence these methods may be inap-
propriate to explain the observed experimental results. In contrast
to this, emission frequencies (Uemi) Show very good multi-linear fit
by both the methods where again Catalan parameters show better
results (r = 0.96) than Kamlet-Taft (r = 0.75). More negative value
of estimated coefficient csgp with minimum standard error suggests
that solvent dipolarity is the main factor which affects the emission
spectra. The graph plotted for predicted emission data obtained by
Catalan method with the experimental data for compound 4, 5, 9
and 13 shows very good linear fit with slope of 0.93, 0.95, 0.93 and
0.98 respectively (Fig. 10). In short, it is concluded that solvent
polarizability is mainly responsible for the slightly blue shifted

absorption spectra of compound 5 and 9, while no conclusive re-
sults were obtained for compound 4 and 13. In the case of emission
spectra, for compound 5, 9 and 13 solvent dipolarity factor is
mainly responsible and for compound 4 combinations of solvent
basicity factor obtained by Kamlet-Taft method and solvent dipo-
larity factor obtained by Catalan method is mainly responsible for
the red shifted emission spectra. Other two factors i.e. solvent
acidity and polarizability are really not playing any prominent role
for the observed red shift in emission spectra.

3.6. Intramolecular charge transfer (ICT) and difference in dipole
moment between ground and excited state

It is well known that in the case of strong donor-m-acceptor
compounds intramolecular charge transfer occurs upon excitation
and this process becomes environment sensitive e.g. red shift in
emission Amax observed after increasing solvent polarity. Large
Stokes shift observed for these compounds also suggest a sufficient
structural reorganization or a polarized excited state as compared
to the ground state. For the better understanding of the polar
excited state we calculated the difference in dipole moment be-
tween the ground and excited state by using Lippert-Mataga, Mac-
Rae and Reichardt correlations as represented in equations (6)—(8).
Table 4 represents the transition dipole moment, difference in
dipole moment by experimental and DFT method and the ratio of
dipole moment using Bilot-Kawaski, Bakhshiev and Liptay corre-
lations. Also a value for transition dipole moment has been calcu-
lated which is a measure of the probability of radiative transitions
from ground to excited state and related to the oscillator strength as
represented in equation (1). Much positive values obtained for the
difference in dipole moment (e > Lg) as well as ratio of dipole
moment (fle/|lg) by experimental as well as DFT method confirmed
that the excited state is highly polar than the ground state. The
higher values of Ajleg are obtained for all the four dyes by Lippert-
Mataga method because this method does not take into account the
polarizability of the solute. Compound 13 is showing higher values
of Apleg obtained by three different correlations (i.e. Lippert-Mataga,
Mac-Rae and Reichardt), while compound 5 is showing higher
values of pie/|lg obtained by another three different correlations (i.e.
Bilot-Kawaski, Bakhshiev and Liptay). Solvent polarity effect on
Ajleg is also studied and represented in Table S7; slight increase in
the values of Apeg is observed after moving from non-polar to polar
solvent.

3.7. Electrochemical properties

Cyclic voltametry study of these dyes was carried out to un-
derstand their redox behavior. The measurements were performed
in dichloromethane using tetra-n-butylammonium hexa-
fluorophosphate (NBuyPFg) as electrolyte and ferrocene as refer-
ence standard at a scan rate of 100 mV/s. The recorded cyclic
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Fig. 10. Correlation between experimental and predicted emission wave number for 4(a), 5(b), 9(c) and 13(d) by Catalan method.

Table 4
Difference and ratio of dipole moment between ground and excited state of compound 4, 5, 9 and 13 by experimental as well as DFT method.
Dye Heg (Debye) Apeg (Debye) Apeg(DFT) (Debye) He/pg (Debye)
Lippert-Mataga Mac-Rae Reichardt Bilot-Kawaski Bakhshiev Liptay
4 5.59 11.2 8.2 5.71 0.65 458 5.30 5.81
5 5.06 10.0 6.5 498 1.52 10.97 15.21 18.01
9 8.91 10.6 7.0 5.37 2.47 9.88 14.26 18.75
13 5.2 13.8 9.0 7.14 1.39 8.65 10.67 11.24
conjugation length between the donor-acceptor and structural ef-
0.000035 - fect strongly alters the oxidation potentials of these dyes. Due to the
effective conjugation between donor and acceptor, compound 4
P | —Comp4 shows low oxidation potential (—0.881 mV/s) as well as lowest
E 0.000025 1 [ band gap (2.315 eV). Due to the rigid structure of compound 9, the
e ,/ — Comp$5 donor morpholine fragment is not reacting properly with the
= ‘ . . ;
2 0.000015 - | — Comp9 accgptqr pyrazine and §hows the hlghest.band gap in all these
5 derivatives. Also due to its shorter conjugation length compound 5
O — Comp13 shows the highest oxidation potential among all these derivatives.
0.000005 - The oxidation potential trend observed for these dyes is Comp
4 < Comp 13 < Comp 9 < Comp 5. The HOMO energies of com-
0.000005 : ' i ' . pound; were estimated using the first oxidation potential and
0 05 1 15 2 25 found in the range of 5.27—5.61 eV. The LUMO energies calculated

Potential (V)

Fig. 11. Cyclic voltammograms of compound 4, 5, 9 and 13 in DCM at room
temperature.

voltammograms are displayed in Fig. 11. These compounds show
oxidation peak corresponding to the removal of an electron from
the donating amine side nitrogen. As acceptor pyrazine fragment
attached with supporting phenanthroline is same in all four dyes,
the donating ability of morpholine or N, N-diethyl aniline,

by subtracting the HOMO energy value obtained from optical band
gap and found in the range of 2.96—3.20 eV. The optical band gap is
obtained by using the photophysical data of all the four dyes in
DCM solvent. Similarly band gap from computational method is
also represented in Table 5 and it is showing the similar trend
obtained from the experimental photophysical data.

3.8. Theoretical calculation

To correlate our experimental finding theoretically and
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Table 5
Electrochemical data of compound 4, 5, 9 and 13.
Compound Eoxda (V) Enomo (eV) Erumo (eV) Band gap (eV) Band gap (DFT) (eV)
4 0.88 —5.276 —2.961 2315 2.769
5 1.22 —5.615 —-3.204 2411 3.425
9 1.11 —5.505 -3.018 2.487 3.442
13 1.09 —5.485 -3.101 2384 3.231
understand molecular geometries and electronic properties of Comp4 Comp5 Comp9 Comp13
these compounds time-dependent density functional theory (TD- 1.5 2323 -2.300 _2 242 _2 234
DFT) calculations were performed with the Gaussian 09 program LUMO g -
using the B3LYP functional [71,72,90]. We optimized the molecular 25
structure of these compounds in the gas phase as well as in chlo-
roform solvent using 6-31G (d) basis set. Computations in solvent = 33 ,EL_IZ;' ev || EuEu= EL-En= E-En=
were carried out using the Polarizable Continuum Model (PCM). i"’ a5 3.425¢eV | 3.405eV || 3.405 eV
Gaussian 09 program was used for all the quantum mechanical ’
computations. Fig. 12 represents optimized geometry structure of 55 HOMO m— -5.002
compound 4 in chloroform solvent. We found that the N,N-diethyl ’ L _5 466
aniline unit is slightly twisted with the naphthalene core. There are 65 D429 '5'647
significant steric interactions between the aromatic protons of the Compound

N,N-diethyl aniline unit and the peri-proton of thee naphthalene
unit which cause the aromatic ring of the aniline unit to be twisted
out of conjugation.

Variation in bond length and bond angle at ground and excited
state (marked by red) is displayed to understand the flow of elec-
tronic density from donor N,N diethyl aniline towards acceptor
pyrazine and phenanthroline ring. For example, bond length of N4g-
C37 gets shortened by 0.021 A® while bond length of Cyo-Nyp is
extended by 0.025 A° after excitation suggesting that, for effective
charge transfer from donor N,N diethyl aniline towards acceptor
pyrazine single bond to double bond and vice versa interconversion
has happened when we go from ground to excited state. Also that
much variation in bond length is not observed from pyrazine to
phenanthroline nitrogen insisting that maximum electron density
is accepted by pyrazine nitrogen and phenanthroline nitrogen is
not much engaged in the charge transfer mechanism. Also slight
twist in bond angle C30-C2g-Cag of 19 is also observed from ground
to excited state for the effective charge transfer from N,N diethyl
aniline donor moiety. Fig. 14 shows their optimized molecular
structures together with the frontier molecular orbital profiles
displaying electronic distributions in their HOMO and LUMO in

1.380

1.385
Excited state &> 1.420
Ground state &> 1.414

1.416

1.406
1.378
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Fig. 13. HOMO-LUMO energy gaps of compounds 4, 5, 9 and 13 in chloroform solvent.

their excited state. Tables S8 to S11 represents the respective Car-
tesian coordinates for all the four compounds.

The energy gap between HOMO and LUMO for all the four dyes
were represented in Fig. 13; as expected compound 4 shows lowest
band gap (2.705 eV) due to its maximum conjugation length among
all the four derivatives and compound 5 shows highest band gap
(3.388 eV) due to its minimum conjugation length. It is observed
that while moving from non-polar to polar solvents the energy gap
gets reduced, particularly the energy of LUMO level get reduced
mainly due to the stabilization of the excited state in polar solvents.

The computationally derived lowest energy transitions i.e. ver-
tical excitations, oscillator strengths (both at ground and excited
state) and emissions were compared with the experimentally
observed absorptions, emissions and oscillator strength derived
from absorption Amax in chloroform solvent [Table 6]. In general
computationally observed vertical excitation values are well in
agreement with the experimental one with percentage deviation

Fig. 12. Optimized geometry parameters of compound 4 in chloroform solvent at ground and excited state (bond lengths are in A°, bond angles are in degree °).
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Fig. 14. HOMO-LUMO FMO diagrams of compound 4, 5, 9 and 13 in chloroform solvent at excited state.

Table 6

Comparative experimental and computational photophysical parameters of 4, 5, 9 and 13 in chloroform solvent.
Compound Experimental/Computational absorption data Experimental/Computational emission data

Aabs? (nm)  Aabs” (nm)  f I % D¢ Major' contribution dems® (nm)  lems" (nm) f %D Major* contribution

4 444 522 034 0.2736 1756 H — L99.28 526 593 0.20 12.72 L — H99.43
5 424 423 029 037 023 H — L 96.56 525 525 022 0.01 L - H97.76
9 364 363 099 04808 0.27 H-1 — L 82.66 539 527 0.08 2.27 L — H97.40
13 421 446 0.41 0.3456 593 H - L97.72 531 536 022 086 L — H98.62
2 Experimental absorption Amax,
b Computational vertical excitation,
¢ Experimentally calculated oscillator strength,
4 Theoretical oscillator strength,
€ Percent deviation from experimental absorption Amax,
f Major electronic transition from ground to excited state,
& Experimental emission Amax,
h

Computational emission Amax,

Oscillator strength of vertical emission,

Percent deviation from experimental emission Amax,

Major electronic transition from excited state to ground state.

e e
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from 0 to 20%. Major contribution of electronic transitions for
compound 4, 5 and 13 is from HOMO to LUMO (96—99%), while for
compound 9 it is from HOMO-1 to LUMO (83%). From the HOMO-
LUMO diagram of all the four derivatives (Fig. 10) it is clear that
the electron density at HOMO-orbital is mainly located at donor
side i.e. on N, N-diethyl aniline or morpholine side, while in the case
of LUMO-orbital it is shifted towards acceptor pyrazine or phe-
nanthroline segment.

Except compound 5, all the remaining dyes show some overlap
of electron densities between donor and acceptor side suggesting
that the pure charge transfer is observed only in the case of com-
pound 4 mainly due to the elongated conjugation length. This
theoretical observation is well supported experimentally also as red
shifted absorption and emissions were observed for this particular
compound as compared to all the other derivatives. Equivalent with
the electrochemical observations compound 9 is not showing good
charge transfer due to its rigid structure and the electron density is
not separated on donor in HOMO and on acceptor in LUMO orbital,
but spread over the entire molecule. The ground state dipole mo-
ments of compound 4 are higher than any other derivative again
confirming that the higher charge is located at donor side in
compound 4.

4. Conclusion

In summary we have synthesized phenanthroline based rigid
donor-m-acceptor compounds to study their photophysical prop-
erties and structure property relationships. Acidochromic behavior
of these dyes was studied in solution after the addition of TFA in
toluene solvent and clear positive and negative acidochromism due
to the protonation of nitrogen at two different reacting sites is
observed and is also proved mechanistically. Very high quantum
yield, positive solvatochromism and quenching of fluorescence in
polar solvent observed is well supported by Lippert-Mataga, Mac-
Rae and Reichardt correlations. Also the multi-linear regression
analysis utilizing Kamlet-Taft and Catalan parameters is carried out
and it is concluded that in general solvent dipolarity is the main
factor responsible for the observed red shifted emission spectra of
all the four compounds, while solvent polarizability is responsible
for the slightly blue shifted absorption spectra of compound 5 and
9. The experimentally observed absorption and emission Amax
values are in good agreement with the computationally derived
one. By correlating the observed difference in dipole moment be-
tween ground and excited state, band gap calculated between
HOMO and LUMO, lowest oxidation potential obtained by cyclic
voltametry and no overlap of energy densities observed between
HOMO and LUMO frontier molecular orbitals by TD-DFT method,
compound 4 is proved as highest intramolecular charge transfer
dye and expected to deliver better linear and non-linear optical
properties in comparison with the other derivatives studied.
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