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Abstract The photophysical parameters such as electronic
absorption spectra, molar absorptivity(e), fluorescence spectra
and fluorescence quantum yield (¢¢) of a new dye namely 2,7-
diacetyl-9-((dimethylamino)methylene)-9H-fluorene
(DMMF) were determined in different solvents. The electron-
ic absorption are less sensitive to medium polarity. A
bathochromic shift was observed in emission spectra(ca.
50 nm) upon increase of solvent polarity, which indicates that
the singlet excited state (S;) of DMMEF is more polar than the
singlet ground state (S,). Solid crystals of DMMF exhibit
intense yellow fluorescence maximum at 550 nm with band-
width equal 64 nm upon excitation at wavelength 365 nm. The
change in dipole moment value (A) was calculated by using
the variation of Stokes shift with solvent polarizability (Af)
(Lippert — Mataga plot) and was found to be 7.22 and 5.5
Debye for higher and lower energy of S, — S; (7t-7t*) H-1—
L and S, — S; (m-t*) H— L, respectively. These results show
that, the excited state is more polar than the ground state. The
net photochemical quantum yields of photodecomposition of
DMME (@,) were calculated as 7.2x 107>, 1.14x107*, 1.44x
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107* and 2.11x107* in different solvents such as MeOH,
CH,Cl,, CHCIl; and CCly, respectively. DFT/TD-DFT
methods were used to study the geometric and electronic
structures of DMMEF in different solvents. A good agreement
was found between the experimental and theoretical results.
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Introduction

Nowadays, efficient fluorescent organic molecules have
attracted widespread attention due to their sensible ap-
plications in sensors, displays, storage and photoelec-
tronic devices [1-5]. The polycyclic aromatic hydrocar-
bons (PAH) have fulfill these applications and found to
attract considerable attention, due to their intriguing mo-
lecular structures [1-3] and potential application in the
emerging area of molecular electronics [4-7], including
organic light-emitting diodes (OLEDs), organic field-
effect transistors (OFETs) and organic photovoltaics
(OPVs). Among the polycyclic aromatic hydrocarbons
(PAH), fluorene molecule [8] which contains two ben-
zene rings linked with a five-membered ring which pro-
vide a high overlaps of 7-orbitals has been found to the
most important fluorescent molecules and find the ap-
plications in polymers, electronic devices, sensors and
photochromic materials as well [9—11].

Fluorene-based [12—15] materials have been extensively
used as talented blue emitter for OLEDs. The fluorene groups
are electron- rich aromatic units and have the ability play a
role in enhancing the absorption properties and decreasing the
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oxidation potential [16]. In addition the bulk and rigid-
ity of the fluorene moiety is advantageous for civilizing
the color purity and suppresses aggregation and excimer
formation. Indeed, Fluorene shows interesting spectro-
scopic and photophysical properties. This fluorophore
was extensively used as a building block for the development
of dyes with good absorption properties [17] and fluorescence
sensors [18]. In this work, new 2,7-disusituted fluorene,
namely 2,7-diacetyl-9-((dimethylamino)-methylene)-9H-
fluorene (DMMF) synthesized and its unique photophysical
properties and density functional theory (DFT) has been used
to optimize the geometry of the new dye to a minimum. In
addition, the photo reactivity of DMMF dye in different sol-
vents has been studied.

Experimental
Materials and Reagents

2,7-diacetyl-9H-fluorene (I) and dimethylformamide
dimethylacetal (DMF-DMA) (II) and all solvents used were
of spectroscopic grade and used without farther purifications.
They were checked for the absence of absorbing or fluorescent
impurities within the scanned spectral ranges.

Instrumentation

All melting points were measured on a Gallenkamp
melting point apparatus. The infrared spectra were re-
corded in potassium bromide discs on FT-IR spectra
were recorded on a Nicolet 6700 infrared spectropho-
tometers Thermo Fisher Scientific, with the KBr pellet
technique. NMR was recorded on a Bruker AM 300
(1H: 300 MHz) and on Bruker Advance 600 MHz with
CDCl; as solvents with tetramethylsilane (TMS) as the
internal reference. Chemical shifts were related to that
of the solvent. Mass spectra were recorded on a
Shimadzu GCMS-QP1000 EX mass spectrometer at
70 eV. Elemental analyses were carried out at the
Micro-analytical Centre of Cairo University, Giza,
Egypt and recorded on Elementar-Vario EL automatic
analyzer. UV—vis electronic absorption spectra was re-
corded on a Shimadzu UV-160A spectrophotometer, and the
steady-state fluorescence spectra were measured using
Shimadzu RF 5300 spectrofluorphotometer using a rectangu-
lar quartz cell of dimensions 0.2 cmx 1 cm. The emission was
monitored at right angle. Light intensity of irradiation wave-
length was measured using ferrioxalate actinometry [19]. The
photochemical quantum yields (@) of DMMF were measured
using a modified method that takes into account the decrease
in absorbance at the excitation wavelength as photo-
irradiation proceeds [20].
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The fluorescence quantum yield () was measured using
an optically diluted solution of quinine sulfate as reference
standard according to Eq. (1) [21]:

X — X —= (1)

where @,; @ are the fluorescence quantum yields of the un-
known and standard, respectively, I is the integrated emission
intensity; A is the absorbance at excitation wavelength, and n
is the refractive index of the solvent.

Synthesis of 2,7-diacetyl-9-((dimethylamino)methylene)
-9H-fluorene (DMMF)

2,7-diacetyl-9H-fluorene (I) (25 g, 100 mmole) was added to
dimethylformamide-dimethylacetal (DMF-DMA)(IT) (23.8 g,
200 mmol) and the mixture was refluxed for 15 min without
solvent. The excess DMF-DMA was distilled off under reduced
pressure and the residual reddish brown viscous liquid was
taken in ethanol (20 ml) and the resulting orange crystal was
collected by filtration, washed thoroughly with ether, dried and
finally recrystallized from ethanol to afford the corresponding
2,7-diacetyl-(9-((dimethylamino)methylene)-9 H-fluorene
(DMMF) in (80 % yield), m.p 194 °C. The physical and spec-
tral data of the synthesized compound are listed below:

Signal at 0 2.7 due to the methyl protons of the two acetyl
groups, a singlet signal at 6 3.30 due to the methyl protons of
N,N-dimethyl moiety, a singlet signal at & 7.72 due to olefinic
proton, in addition to an aromatic ring protons signals in the
region 6 7.84-8.36.

IR (KBr) Viay/em ' 1672 (C=0), 1620 (C=N). 'H NMR
(DMSO-dy): & 2.71 (s, 6H, 2 (CH3CO)), 6 3.38 (s, 6H,
N(CHs),), 7.72 (s, 1H, (CH=), 7.48-7.57 (m, 6H, ArH’s), *C
NMR (DMSO-dy): & 26.96, 27.01, 45.06, 105.17, 117.02,
120.22, 120.32, 122.58, 123.38, 123.68, 134.92, 135.24,
136.03, 137.22, 139.27, 142.36, 143.97, 198.51, 198.75; MS
(m/z): 305 (M"). Analysis for C,oH;oNO,: Calcd: C, 78.66; H,
6.27; N, 4.59. Found: C, 78.62; H, 6.30; N, 4.55 %.

Results and Discussion

The versatile, hitherto unreported 2,7-diacetyl-
9-((dimethylamino)-methylene)-9H-fluorene (DMMF) was
readily obtained by refluxing 2,7-diacetyl-9H-fluorene (I)
and dimethylformamide dimethylacetal (DMF-DMA) (II),
without solvent shown in Scheme 1.

The structure of DMMF was confirmed by elemental and
spectral analyses as described in the experimental part. For
example, its 'H-NMR spectrum displayed a singlet signal at
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Scheme 1 Synthesis of 2,7-diacetyl-9-((dimethylamino)methylene)-9H-
fluorene (DMMF)

0 2.7 due to the methyl protons of the two acetyl groups, a
singlet signal at 6 3.3 due to the methyl protons of N,N-di-
methyl moiety, a singlet signal at & 7.72 due to olefinic proton,
in addition to an aromatic ring protons signals in the region 6
7.84-8.36.

Spectral Characteristics in Different Solvents

The electronic absorption, excitation and fluorescence spectra
of (1x10~> M) DMMF were measured in solvents of different
polarity. Its absorption, excitation and emission spectra in sev-
eral solvents are shown in Figs. 1, 2 and 3, and the correspond-
ing spectral data are summarized in Table 1. As indicated in
Figs. 1 and 2, DMMF shows an strong absorption band
around 345 nm with high molar absorptivity (¢=27,800-38,
900 mol dm > cm™') and a weak absorption band around
450 nm with low molar absorptivity (¢=6300—
8900 mol dm > ¢cm™"). There is also a mirror image relation-
ship between the absorption and fluorescence spectra and a
coincidence between absorption and excitation maxima.
These facts together with the higher molar absorptivities of
the electronic transition of the dye are consistent with a strong-
ly allowed transition S, — S; (7t-7t*) with small geometry
change between electronic ground and excited state of
DMMF molecule. As shown in Table 1, the solvent polarity
shows a slight effect on the position of electronic absorption
and excitation spectral maxima (ca. 10 nm), indicating the less
polar character of DMMF in the ground state. Also

Absorbance

0.0 . '

300 400 500
Wavelength (nm)

Fig. 1 Electronic absorption spectra of 1x10~> M DMMF in selected
solvents
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Fig. 2 Excitation spectra of 1x107> M DMMF in selected
solvents (At Aem. max.)

fluorescence spectra of DMMF show an intense emission
band around 460 nm and a relatively weak emission band in
the higher wavelength side corresponding to two transitions of
Si-S, (71- 7¥). As shown in Fig. 3 and Table 1, the fluores-
cence spectra of DMMEF are more sensitive to solvent polarity.
As the solvent polarity increases, the emission spectra become
red-shifted (ca. 50 nm). This indicates that the singlet excited
state of the DMMF is more polar than the ground state due to
electron transfer from amino group (electron donor) to keto-
acetyl groups (electron acceptor) upon excitation.

Solid crystals of DMMF exhibit intense yellow fluores-
cence maximum at 550 nm with bandwidth equal 64 nm upon
excitation at wavelength 365 nm (Fig. 4). With the change in
the excitation wavelength from 365 to 450 nm, the position of
the emission remains unchanged, which suggests that this

200 + —— MeOH
—— CH,CN
—— DMF
——CH,CI

150

100 +

Emission Intensity (arb units)
3
1

Y T T T T T T
350 400 450 500 550 600 650

Wavelength (nm)

Fig. 3 Emission spectra of 1x107> M DMMEF in selected solvents.
(Aex.=340 nm)
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Table 1  Spectral data for DMMF in different solvents
Solvents AfD1)  Agws (nm) Sg — S, Aem (nm) S; — So A (e eM Tem ! at of
Atmax 1) Almax2) A (maxt) A (max2) ATy ATQ) Aabs @max 1) A abs (max 2)
THF 0.210 346 437 429 508 5591 3103 27,800 6700 0.022
Dioxane 0.021 347 440 430 527 5563 3752 35,600 8400 0.036
Acetonitrile 0.304 347 443 432 536 5670 3917 31,900 6900 0.048
DMSO 0.263 352 452 454 591 6383 3878 34,300 8100 0.047
DMF 0.274 350 448 447 541 6200 3837 30,500 7000 0.042
CCly 0.115 335 430 394 522 4470 4025 36,800 8900 0.064
Chloroform 0.148 351 442 426 509 5016 2978 38,900 8240 0.042
CH,Cl, 0.218 349 443 420 513 4844 3080 36,400 8100 0.036
Methanol 0.308 350 444 473 562 7430 4729 35,500 6300 0.036
Ethanol 0.288 349 444 459 559 6867 4633 34,100 6300 0.043
Butanol 0.263 350 444 459 560 6785 4855 36,800 6300 0.054
Eg 0.300 353 457 497 566 7452 4214 35,100 6800 —

Av (1) =A abs (max 1) ~ A em (max 1)

Al_/ (2) =A abs (max 2) ~ A em (max 2)

band is a true emission band and not due to any second order
diffraction of the excitation light [22-24] (Fig. 5).

Such behaviour was attributed to emission from exciton
state whose fluorescence is 100 and 60 nm red shifted com-
pared to emission from 1x107> to 1x10> mol dm* in chlo-
roform, respectively. This indicates that the crystal structure of
DMMF belongs to 3-type classification [25]. Solid-state pho-
to luminescent substances are very interesting for several
high-technology applications such as the fabrication of light
emitting diodes [26]. No significant changes in emission in-
tensity of DMMEF crystalline solids upon prolonged irradiation

400 ~

—— crystalline solid
—1x10°M
1x10*M
—1x10°M

200

Emission Intensity (arb units)

—

T T T T T
400 450 500 550 600

Wavelength (nm)

Fig. 4 Emission spectra of different concentrations of DMMF in CH;Cl
and in crystalline solid . (A¢x. =340 nm)
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with 365 and 450 nm for 180 min were observed. This fact
leads to the high photo stability of DMMEF in the solid state as
shown in Fig. 6.

Estimation of Dipole Moments Using Solvatochromic
Methods

Analysis of the solvatochromic effect allows the estimation of
the difference in dipole moments (Ap=p, — | ) between the
excited singlet and the ground state for two electronic absorp-
tion peaks in S, — S; (7t-t*) (H-1—L and H—L) and

400

200

Emission Intensity (arb units)

T T T
500 550 600

Wavelength (nm)

Fig. 5 Emission spectra of crystalline solid of DMMF at different
excitation wavelengths
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corresponding emission bands. This was achieved by apply- 6500
ing the simplified Lippert — Mataga Eq. (2) [27, 28]. .
) ( 2 6000 -
He™H ) <
Va—Vf = 7;7 Af + constant 2 & g
) hea & 5500+
(1) (n>~1) &
h A = b 3 [ |
where Af (e, n) {(25_’_1) 2+ 1) (3) 2 5000 .
o
o
where AT, is the Stokes shift which increases with increasing o 4500
in solvent polarity pointing to stronger stabilization of the
excited state in polar solvents, / is Planck’s constant, c is the
speed of light in vacuum, « is the Onsager cavity radius, € and 40000_10 ods 050 055 050

n are the dielectric constant and refractive index of the solvent,
respectively, ji, and fi, are the dipole moments of the excited
and ground state, respectively. The Onsager cavity radius was
taken as 4.2A, which is comparable to the radius of a typical
aromatic fluorophore [29].Figures 7 and 8 show the plot of
Stokes shift versus the orientation polarization (Af). The data
in polar protic solvents were excluded to avoid specific solute-
solvent interactions (hydrogen bonding). The change of dipole
moments of DMMF upon excitation were calculated from the
slope of the plot and the cavity radius as 7.22 and 5.5 Debye
for higher and lower energy of S, — S (7-7*) H-1—L and S,
— S; (m-*) H—L, respectively. This change in dipole mo-
ment is caused by redistribution of atomic charges in the ex-
cited state because of charge transfer from the electron-rich
amino group to the electron acceptor keto-acetyl groups.

Photo Reactivity of DMMF Dye

The photo reactivity of DMMF has been studied in
different solvents namely MeOH, CH,Cl,, CHCIl; and
CCly. Upon irradiation of 1x107> mol dm™® of
DMMF at 365 nm (I,=4.5x10 * Einstein min '), the

800
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400

300

200

Emission Intensity (arb units)

100

0 T T T 1
500 550 600 650

Wavelength (nm)

Fig. 6 Effect of radiation on the emission spectrum of crystalline solid
DMMF (A, =430 nm)

Af (n, €)
Fig. 7 Plot of Stockes Shift versus A value

absorbance of DMMF decreased with increasing the ir-
radiation time until a photo stationary state was reached.
As shown in Figs. 9, 10, 11 and 12, no new absorption
appeared indicating the absence of photoproduct. The net pho-
tochemical quantum yields of photodecomposition of DMMF
(¢c) were calculated as 7.2x 107>, 1.14x 107, 1.44x10* and
2.11x10"* in MeOH, CH,Cl,, CHCl; and CCly, respectively.
These results indicate that DMMF is more stable in
MeOH than in any of the chlorinated solvents. It seems
that the photodecomposition of DMMF in
chloromethane solvents takes place by electron transfer
from the excited DMMF molecule to the solvent accord-
ing to a well-known mechanism [30-37].

It was proposed that the electron transfer from the excited
singlet DMMF to CH,Cl,.,, within transient excited charge
transfer complex (exciplex) is the main primary photochemi-
cal process. It leads to DMMF radical cation, a chloride ion
and a chloromethyl radical in solvent cage. The formation of
contact ion pair usually occurs by electron transfer from

4200
4000 +
3800 ~
3600 ~
3400 ~
3200 ~

3000 ~

Stockes Shift (Cm™)

2800 ~

2600 ~

T T T
0.10 0.15 0.20 0.25 0.30
Af (n, €)
Fig. 8 Plot of Stockes Shift versus A value
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Absorbance

0.0 T T T T T
300 400 500
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Fig. 9 Effect of radiation on the absorption spectrum of 1x107> M
DMMF in MeOH (A, =365 nm)

excited donor to the electron acceptor depending on the elec-
tron affinity (E,) of acceptor.

(DMMF) + hv—'(DMMF)*  absorption of light (4)

'(DMMF)*—DMMF + hv fluorescence (5)

'(DMMF)* + CH,Cly y—'[DMMF...CH,Cly ,]* exciplex  (6)

'[DMMEF...CH,Cly ]*—[DMMF"...°CH,Cl; ,] electron transfer

(7)
[DMMF ... CH,Cly-,| > DMMF"°Cl 4+ CH,Cl;, ~contact ion pair
(8)
0.40
035 4 —— 0.00 min
] —— 1.0 min
0.30 4 —— 3.0 min
] —— 5.0 min
g 025+ ——10.0 min
s 1 ——20.0 min
-g 0.20 | —— 30.0 min
2 E —— 90.0 min
< 0.15 —— 150.0 min
0.10
0.05
0.00 1 I :

300 400 500
Wavelength (nm)

Fig. 10 Effect of radiation on the absorption spectrum of 1x107> M
DMMF in CH,Cl, (Ay;;=365 nm)
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Fig. 11 Effect of radiation on the absorption spectrum of 1x107 M
DMMF in CHCl; (A, =365 nm)

DFT Calculation

The ab initio molecular orbital calculations were performed
using the Gaussian09 package of programs [38] and visual-
ized by the Gauss Veiw software [39]. The hybrid Becke’s
three parameter Lee-Young-Parr correlation functional
(B3LYP) with double-zeta and polarization functions on
heavy atoms basis set [6-31G(d)] of the density functional
theory (DFT) has been used to optimize the geometry of the
New Dye to a minimum. The harmonic vibrational frequen-
cies were analytically evaluated by obtaining the second de-
rivatives of the energy using the same level of theory. The 'H
and >C NMR chemical shifts relative to TMS within the
GIAO approach [40] were computed by using HF/6-31G(d)
level of theory at B3LYP/6-31G(d) optimized geometry. The
UV-vis. spectra of the New Dye in Tetrahydrofuran (THF),
methanol (MeOH), dichloromethane (CH,Cl,) chloroform

Absorbance

0.0

T T 1
300 400 500
Wavelength (nm)

Fig. 12 Effect of radiation on the absorption spectrum of 1x107> M
DMMF in CCly (Ai;;=365 nm)



J Fluoresc (2015) 25:1303-1314

1309

Table 2 Some selected bond

lengths (A) and bond angles Designation Bond length (&) Designation Bond angle (degree)

(degrees) for gas phase DMMF

which have been calculated at N22-C20 1.347 C27-N22-C20 120.09

B3LYP/631G(d) level of theory €20-C19 1.382 C20-N22-C23 124.44
C19-C4 1.467 N22-C20-C19 13223
C4-C3 1.398 C20-C19-C10 120.25
C3-C2 1.403 C10-C11-C12 120.06
C2-C37 1.494 C12-C13-036 120.90
C37-042 1.229 C11-C10-C19-C4 179.79
C37-C38 1.518 C10-C19-C4-C3 171.30
C4-C5 1.433 C4-C19-C20-N22 20.17
C5-C6 1.400 C19-C20-N22-C27 —-168.16
C5-Cl15 1.450 C19-C20-N22-C23 18.37

(CHCI3) and carbon tetrachloride (CCly) solvents were esti-
mated by using Time-Dependent density functional theory
(TD-DTF) [41] and the polarizable continuum model (PCM)
method [42] with the B3LYP/631G(d) model chemistry.

Geometry

Table 2 lists some of the bond lengths and angles of the opti-
mized geometry of the title molecule (Fig. 13) which have
been computed by using B3LYP/631G(d) level of theory. A
number of remarks can be extracted from Table 2 and Fig. 13:
(1) The environment around the amine moiety is almost flat
and not pyramidal as expected. A partially multiply bonded
N22-C20 bond facilitates this situation. It has a bond length of
1.347 A, which is ca. 0.12 A shorter than the C-N single bond
on trimethylamine [43]. (2) The dimethyl methylene amine
group makes a dihedral angle of ca. 31° with the fluorene
moiety. (3) The fluorene motif itself is not exactly flat with a
deviation of 1.8° between the planes of the pentagonal and
benzene rings. (4) The two benzene rings are almost co-planar
with the acetate groups on each side. Our results are in

Fig. 13 The optimized geometry
of DMMF in the gas-phase
showing the atom numbering
which has been obtained by using
B3LYP/631G(d) level of theory

31
) =
G2
) @
@

complete agreement with that of Gerkin et al. [44].
Consequently, this optimized geometry was adopted for
studying its electronic and spectral properties in gas-phase
and some selected solvents.

FTIR Vibrational Spectra

Our work involves satisfactory assignments of the vibrational
modes of the title molecule using FTIR spectroscopy with a
help of theoretical predictions. All the vibrational frequency
calculations were computed after optimizing the geometry of
DMMF to its minimum (no imaginary frequencies). Table 3
lists the observed anharmonic vibrational frequencies, which
were recorded for DMMF in KBr discs, together with the
corresponding harmonic gas-phase theoretical ones. The com-
puted frequencies were obtained by using B3YP/6-31G level
of theory and scaled [45] by a factor of 0.991. It is apparent
that there is an overall good agreement between the observed
and calculated values. Nonetheless, the latter vibrational
modes are slightly higher than the former counterparts are.
These discrepancies are attributed to some factors that include

@ Springer
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Table 3 The observed (KBr discs) and calculated vibrational
wavenumbers (cm ') for DMMF in the gas-phase. The scaled (0.991)*
calculated values were obtained by using B3LYP/6-31G(d) level of
theory

Assignment Experimental Theoretical
v aromatic C-H str. 3065-3110 3164-3233
v aliphatic C-H str. 2910-2980 3019-3162
v C=0 sym. stretch 1672 1726
v C=0 asym. stretch 1672 1723
v C=N str. 1620 1655
v aromatic C=C str. 1585-1650 1593-1631
v CHj; bend 1498 15001538
v CCH aromatic bend 1492 1486-1496
v C-C stretch. 1295 1367

# Computational Thermochemistry: Scale Factor Databases and Scale
Factors for Vibrational Frequencies Obtained from Electronic Model
Chemistries,“l. M. Alecu, J. Zheng, Y. Zhao, and D. G. Truhlar,
J. Chem. Theory Comput. 6, 2872-2887 (2010)”

mainly the electron correlation effect, insufficient basis set and
the difference in mode and phase i.e., the experimental fre-
quencies are anharmonic and recorded in the solid phase while

Table4 The observed and calculated 'H and '>C chemical shifts (ppm)
(with respect to TMS) for DMMF. The calculated values were obtained
by using HF/6-31G/B3LYP/6-31G(d) level of theory

Atom Theoretical Experimental
C38 36.528 26.96
C32 36.588 27.01
C23 51.789 45.06
Cc27 55272 45.45
C19 111.953 105.17
Cl11 122.288 117.02
Cl4 124.305 120.22
Cé6 124.436 120.32
C3 127.709 122.58
Cl13 128.427 123.38
Cl 128.705 123.68
C2 136.757 134.92
C12 137.548 135.24
C4 141.560 136.03
Cl15 141.885 137.22
() 144.062 139.27
C20 145.472 142.36
C10 147.687 143.97
C31 198.002 198.51
C37 198.165 198.75
4H(CH30) 2.309-3.020 271
6H(CH3N) 3.333-4.195 3.38
TH(ArH) 7.635-8.981 7.48-7.57

@ Springer

their theoretical rivals are harmonic and estimated in the gas-
phase. Briefly, both the experimental and theoretical vibra-
tional modes are in conformity with the predicted geometry.

NMR Chemical Shifts

In Table 4 are listed the calculated GIAO 'H and '*C NMR
shifts using HF/6-31G/B3LYP/6-31G level of theory together
with the experimental chemical shifts with respect to TMS
values for the title compound . The estimated aromatic C-H
"H chemical shifts with respect to TMS showed up between
7.635 and 8.981 ppm, whereas their observed rivals appeared
between 7.48 and 7.57 ppm. The experimental 'H NMR
values for CH;N moieties arouse around 3.38 ppm compared
to their theoretical counterparts that lied around 3.333—
4.195 ppm. The experimental 'H signals for the CH;0 hydro-
gens showed up around 2.71 ppm but arose theoretically at
2.309-3.020 ppm. The measured two '>*CH;CO NMR signals
showed up between 26.96 and 27.01 ppm; while their calcu-
lated rivals lied around 36.528-36.588 ppm. The experimen-
tal signals for the two '*CH;N atoms are found around
51.789-55.272 ppm; while their theoretical counterparts oc-
cur around 45.06—45.45 ppm. The experimental fluorene
group *C NMR chemical shifts showed up between 105.17
and 198.75 ppm, whereas their estimated rivals showed up
around 111.953—-198.165 ppm. It is evident that the computed
'"H and '*C NMR chemical shifts for the title compound are in
excellent agreement with their experimentally observed
values. These NMR experimental and theoretical structure
elucidations of DMMF are in line with its optimized geometry
listed in Table 2.

UV-Visible Spectra

m—7t* and n—7t* transitions are thought to be responsible for
UV-visible absorption spectra of 7-conjugated organic mole-
cules [46]. These transitions embrace electron motions be-
tween frontier orbitals, especially between the higher occu-
pied molecular orbitals (HOMOs) and the lower unoccupied
molecular orbitals (LUMOs). The title compound DMMF has
many double bonds together with lone pairs in the oxygen and
nitrogen atoms. The experimental and theoretical UV-Visible
excitations of DMMF in CH;OH, CH,Cl,, CHCl; and CCl,
are shown in Figs. 9, 10, 11 and 12. Table 5 lists their nature
and assignments aided by calculations using PCM method at
TD-B3LYP/6-31G level of theory in the same solvents. The
observed UV-Visible bands for DMMF in the chosen solvents
showed up at 335-350, 369—370 and 430—444 nm, while their
corresponding theoretical transitions are computed around
352-360, 361-373 and 508-540 nm, respectively. There is
good agreement between the experimental and theoretical
peaks in trend. The differences in magnitudes were larger for
H—L, followed by H-1—»L and least for H—»L+1. The
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Table 5 The UV-vis. observed

and calculated wavelengths Solvent Wavelength A/nm Energy/eV Oscillator strength Assignment
(AM/nm) for DMMF in different
solvents. Their transition energies Experimental Theoretical
(eV), oscillator strengths and
assignments were facilitated by MeOH 350 360.22 2.295 0.115 H-1-L
using TD-B3LYP/6-31G(d) level 370 sh 373.88 3316 0.001 H—L+1
of theory 444 54032 3304 0.780 HoL
CH,Cl, 349 356.54 3.477 1.059 H-1-L
370 sh 370.94 3342 0.0029 H—L+1
443 532.32 2.329 0.1037 H—-L
CHCly 351 352.67 3.516 0.9319 H-1-L
369 sh 367.70 3.372 0.0066 H—L+1
442 523.82 2.367 0.0927 H—L
CCly 335 353.55 3.507 0.0008 H-1-L
370 sh 361.35 3.431 0.0158 H—-L+1
430 508.00 2.440 0.0745 H—-L

maximum absorption peaks were predicted at 540.32, 532.32,
523.82 and 508.00 nm in MeOH, CH,Cl,, CHCI; and CCly
respectively; while these transitions were observed at 444,
443, 442 and 430 nm, respectively. These discrepancies can
be attributed to the solvent effects i.e., the solvents make the
chemical environments of the molecule become very compli-
cated [47] and, to a lesser extent, perhaps to the insufficient
basis set and inappropriate functional used. This point will be
discussed further in the next section.

Fig. 14 The frontier orbitals of
the gas-phase DMMF which have
been calculated by using B3LYP/
631G(d) level of theory
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Figure 14 depicts the frontier orbitals of the title mole-
cule DMMF in the gas-phase. They have been comput-
ed by using B3LYP/6-31G(d) level of theory. On the
one hand, the HOMO is localized mainly on C19-C20
moiety and the nitrogen atom as 7m-bonding and lone
pair, respectively; while the one beneath it (HOMO-1)
is centered on the fluorene group as 7m-bonding orbitals
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Table 6 The ground state total electronic energy (au), relative energy
(AE/kcal/mol), the dipole moment (D.M./Debye), the HOMO (eV),
LUMO (eV) the energy gap (E.G./eV), the electronic chemical potential

(w/eV), the chemical hardness (11/eV) and the global electrophilicity index
(w/eV) for DMMF in different solvents. They been calculated using
B3LYP/631G(d) level of theory

Parameter Gas-phase MeOH CH,Cl, CHCl; CCly
Energy —978.7966 —978.7903 —978.7885 —978.7864 —978.7824
AE 0.000 3.938 5117 6.403 8.898
D.M. 1.556 1.840 1.760 1.670 1.499
HOMO —-5.140 —-5.005 —4.999 —4.995 —4.995
LUMO —=2.000 —2.168 -2.136 —2.104 —2.047
EG. 3.140 2.837 2.863 2.891 2.948
n 3.570 3.587 3.568 3.550 3.521
n 1.570 1.419 1.432 1.446 1.474
w 4.059 4.534 4.445 4358 4.205

and on the two oxygen atoms in the form of lone pairs.
On the other hand, the LUMO is distributed all over the
fluorene moiety as 7t*-antibonding orbital; whereas that
above it is delocalized over the entire dye as 7r*-anti-
bonding orbital.

Table 6 lists the total energies, the dipole moments and
energies of the HOMOs and LUMOs together with their en-
ergy gaps (E.G.) of the gas-phase and the solvated DMMF
substrates. The relative total energies of DMMF solvated sub-
strates with respect to the gas-phase compound were
also included. It is clear that the gas-phase compound
is more stable than any of the solvated DMMF sub-
strates by not less than 3.9 kcal/mol. In terms of the
total electronic energy, the order of the stability of
DMMF in the elected solvents is: MeOH > CH,Cl, >
CHCIl; > CCly. This trend is in line the magnitudes of
the ground state dipole moments of the solvated DMMF
substrates as signs of non-uniform distribution of
charges on the various atoms of the molecule.

The energy gaps (E.G.) of the gas-phase and the
solvated DMMF substrates listed in Table 6, can be
used as gauges for the intramolecular and intermolecular
charge transfer within DMMF and between DMMF and
the different solvents, respectively. It is clear that the
energy gaps of 2.837-3.140 eV facilitate the m—7*,
n—7* and n—o* charge transfer as shown experimen-
tally by the UV-Visible spectra. It is noteworthy that the
energy gaps of the solvated DMMF substrates are less
than that of its gas-phase form. This fact facilitates the
intermolecular charge transfer between DMMF and the
elected solvents. The order of decrease in the energy
gaps of the solvated DMMF substrates is: MeOH >
CH,Cl, > CHCIl; > CCly which is line with the polar-
ities of these solvents.

The maximum absorption peaks (A.x) are due main-
ly to transitions between the HOMOs and LUMOs [47].

@ Springer

From DFT calculations, these intense transitions were
evaluated for DMMF, using the relation: A,x = hc/
AEHOMO—LUMO: as 437, 433, 429 and 421 nm in
MeOH, CH,Cl,, CHCl; and CCly respectively. They
are extremely close to their experimental (444, 443,
442 and 430 nm, respectively) rivals in both magnitude
and trend.

Table 6 depicts also the electronic chemical potential
() that dictates the escaping tendency of electrons in a
chemical system [48], the chemical hardness (1) as a
helpful notion for investigating stability and reactivity
of chemical systems [49] and the global electrophilicity
index (w) that estimates the stabilizing energy when a
chemical species accepts additional electronic charge
from the environment [48]. The n and p values indicate
that DMMF in MeOH is the softest, least stable and
most reactive among them, while that in CCly being
the harder, most stable and least reactive. Furthermore,
the w values denote that DMMF in MeOH is a stron-
gest electrophile amongst the solvated DMMF sub-
strates, but it turns out to be the weakest electrophile
(or a nucleophile) when dissolved in CCly [50].

Table 7 Some selected second order perturbation (E(,)) estimation of
the hyperconjugative energies (kcal/mol) of the title molecule DMMF
which were calculated using B3LYP/631G(d) level of theory

Interaction Energy Interaction Energy
Teo-c3 T e37.042 19.85 N2 7T C19.c20 50.84
Tlea-cs T a3 22.88 No36—0%C19.c20 18.76
Tlc1o0-C15 =T cacs 19.34 No36— 031032 19.63
Tero-c1s —Tcri-cia 22.88 No4r—0%co.c37 18.68
Ten-ci2 —T¥c-cia 19.40 No4r—0%c37.c38 19.62
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Natural Bond Orbital Analysis

It has become widely known that the Natural Bond Orbital
(NBO) theory [51, 52] is quite rewarding in analyzing
hyperconjugative interactions [53]. This is done through ap-
plying second order perturbation energies (E(,)):
E(z) = AEij = qi(Fij)z/A€

Where ¢; is the donor orbital occupancy, Fj; is the off-
diagonal elements of the NBO Kohn-Sham Matrix and Ae is
the energy difference between a donor orbital (i) and an ac-
ceptor orbital (j). In Table 7 are listed the most influential
second order perturbation (E(,)) delocalization energies of
DMMF in the gas-phase. These energies were estimated by
using B3LYP/6-31G(d) level of theory. They are classified as
m—7*, n—7* and n—o* interactions. The strongest delocal-
ization in DMMF involves the interaction of the nitrogen atom
lone pair with the C19-C20 7t-antibond (nn22—7t* c19-c20)-
This interaction contributed 50.84 kcal/mol to the stabilization
of DMMEF. The most stabilizing 7t—7t* interactions are the
C4-C5 and C10-C15 m-bonds with their synperiplanar C3-
C2 and C11-C12 mr-antibonds. These mC4_c5 —7T* >3 and
mC10.c15 —7*c11.c12 delocalizations stabilized DMMF by
21.88 kcal/mol each. All these delocalizations are indicative
of'the intramolecular charge transfer from the (CH;),N moiety
toward the two CH5CO groups and through the fluorene mo-
tif. These findings are in excellent agreement with our exper-
imental UV-Visible spectra.

Conclusion

In summary, we have synthesized a new pi-conjugated elec-
tron donor — acceptor type fluorene derivative DMMF having
intramolecular charge transfer characteristics. The structure of
this dye was identified by spectroscopic techniques. A red
shift in emission spectrum of DMMF was observed upon in-
creasing the solvent polarity, due to intramolecular charge
transfer and intermolecular hydrogen between solute and sol-
vent. Dipole moment calculation results suggest that the ex-
cited state of DMMEF is more polar than the ground state. The
pronounced change in dipole moment value (A) was calcu-
lated by using the variation of Stokes shift with solvent polar-
izability (Af) (Lippert — Mataga plot) and was found to be
7.22 and 5.5 Debye for higher and lower energy of S, — S;
(m-m*) H-1— L and S, — S (7t-7t*) H— L, respectively. These
results proved that, the excited state is more polar than the
ground state. Crystalline solids of DMMF gives excimer like
emission with emission maximum at 550 nm. DMMF dis-
plays photodecomposition in chloromethane solvents by elec-
tron transfer from the excited DMMF molecule to the solvent
molecule. DFT/TD-DFT methods were used to study the

geometric and electronic structures of DMMF in different sol-
vents. A noticeable good agreement was found between the
experimental and theoretical results.
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