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Abstract

This work extends an interest in the spectroscopic and photophysical properties of
symmetrically substituted 2,5-diarylidene cyclopentanones to asymmetrically substituted 2,5-
diarylidene cyclopentanone dyes. Attention is given to (2E,5E)-2-(benzofuran-2-ylmethylene)-5-
((E)-3-(4-(dimethylamino)phenyl)allylidene)cyclopentanone (ASBZ2). This compound was
synthesized via a two-step reaction; the first step involved running a DIMCARB-catalyzed
reaction of cyclopentanone with 2-benzofurancarboxaldehyde to form the benzofuran
monoarylidene cycloadduct (asbf), while the second step involved reacting asbf with (E)-4-
dimethylaminocinnamaldehyde under base-catalyzed conditions. Spectroscopic and
photophysical properties have been measured in a wide variety of non-polar and polar protic and
aprotic solvents. Fluorescence quantum yields and fluorescence lifetimes show a strong solvent
dependence for the compound; fluorescence quantum yields ranging from 0.035 in ethanol to
0.36 in dichloromethane, and fluorescence lifetimes of those tested from 0.31 ns in n-butanol to
0.74 ns in acetone. First-order radiative and nonradiative decay constants have been calculated
from the fluorescence quantum yield and lifetime data. The photophysical properties and spectral

data show a correlation against the E_(30) empirical solvent polarity scale. B3LYP/6-31G(d)

geometry optimization and TD-DFT spectral calculations were performed.
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Introduction

Highly conjugated organic fluorescent dyes have received attention for their wide variety
of uses. Of particular interest are the class of 2,5-diarylidene cyclopentanones. These are
ketocyanine dyes that have been applied in their use as photosensitizers, solvent polarity probes,
fluoroionophores for cation detection and nonlinear optical materials. Research has been
reported on Ca-symmetrically unsubstituted diarylidene cyclopentatnones, but this research is
expanded to asymmetrically substituted diarylidene cyclopentanones. ! The high degree of n-
conjugation, as well as the length of the conjugated arylidene groups give ASBZ2 specific
properties as compared to symmetrically substituted dyes and asymmetrically substituted dyes

with fewer degrees of m-conjugation. The structure of ASBZ2 is shown in figure 1.
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Figure 1: Structure of (2E,5E)-2-(benzofuran-2-ylmethylene)-5-((E)-3-(4-

(dimethylamino)phenyl)allylidene)cyclopentanone (ASBZ2)

Applications of conjugated organic fluorophores have also been studied in their
use in fluorescent tagging of biological pathways and molecules, as well as HPLC and TLC
detection. A more recent application of these fluorescent organic compounds has been as a
storage medium in so-called fluorescent multi-layer discs. These discs utilize fluorescent

compounds as digital receptors instead of the normal digital reflection used in optical discs. The



fluorescent compounds can be impeded in several layers of the disc, and due to the possible
excitation to higher order energy states, capacities of up to terabytes can be achieved on a DVD-
sized disc.?

The spectroscopic and photophysical properties if ASBZ2 have been examined in
solvents of various polarities, focusing on the solvatochromic properties of the compound.
Solvatochromism is the ability of a substance to change color with respect to solvent polarity.3
In absorption and fluorescence spectra a molecule that exhibits solvaochromic properties
undergoes either bathochromic (red) or hypsochromic (blue) shifting of the spectra with regard to
solvent polarity. Due to the asymmetrical nature of ASBZ2, as well as the electron withdrawing
carbonyl group, and the electron donating dimethyamino group, differences in the absorbance
and emission characteristics were observed in various solvents as compared to the symmetrically
substituted compounds.

The solvatochromic properties of ASBZ2 show a bathochromic shift as the solvent
polarity increases. In addition the Stoke’s Shift of the compound increases with increasing
solvent polarity. This solvatochromic shift causes a color change and a shifting of the
absorbance and emission of the compound in more polar solvents. Due to the Franck-Condon
principle that molecules do not change position when light is absorbed, the excited state solvent
shell is not in equilibrium with the excited state molecule. As the molecule is excited to a higher
energy state, a shift in the dipole moment causes a net change in the interaction with the solvent.
This varies with the polarity of the solvent.* This is shown in Figure 2. The resulting shift in

Amax of the fluorescence relative to Amax in absorption is known as the Stoke’s Shift.
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Figure 2: Diagram of the Franck-Condon Principle for the solvation of a

fluorophore.



Experimental
1. Synthesis of ASBZ2

The synthesis of ASBZ2 consisted of two steps. The first step involved the synthesis of
the intermediate (E)-2-(benzofuran-2-ylmethylene)cyclopentanone (ASBF) via a DIMCARB-
catalyzed reaction of cyclopentanone with 2-benzofurancarboxaldehyde. N,N-
dimethylammonium-N’,N’ -dimethylcarbonate or DIMCARB is a dimethylamine carbon dioxide
complex that allows for the regioselective (E) addition of the aldehyde to one a-position of the
cyclopentanone ring.> In a 25 mL round bottom flask equimolar equivalents (5.0 mmol) of
cyclopentanone and the aldehyde were reacted over 27.5 mmol of DIMCARB in 5.5 mL of
dichloromethane with continuous stirring at room temperature. The reaction was allowed to run
for 90 minutes, and was monitored by TLC co-spotted with the starting material and the desired
product. After completion of the reaction, the solvent mixture was removed in vacuo and the
residue was acidified with 10 mL of 0.5 M H2SO4. The product was then extracted with
dichloromethane (4x20 mL) and the combined organic layer extracts were dried over anhydrous
NaxSOq, then filtered. The product was purified by silica gel column chromatography using a
gradient approach of hexanes spiked with ethyl acetate over the course of 2 weeks. Purity was
confirmed by TLC (showing one spot upon development). Both 'H and '3C NMR in CDCl; were
used to confirm the structure of ASBF. The hydrogens and carbons in the NMR correlated to
that of the molecule. The reaction mechanism for ASBF is shown in figure 3. The 'H and '3C

NMR in CDCI; can be seen in figure 4.
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Figure 3: Reaction mechanism for the synthesis of ASBF
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Figure 4: H (top) and !3C (bottom) NMR of ASBF in CDCl;. !H NMR: O (ppm)=
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The second step in the synthesis consisted of running an intermolecular base-catalyzed
crossed aldol condensation reaction of ASBF with (E)-4-dimethylaminocinnamaldehyde (figure
DD). 0.35 g (1.65 mmol) of ASBF were added to 100 mL of ethanol in a clean 250 mL
Erlenmeyer flask. Approximately 50 more mL of ethanol was added to completely dissolve the
solute. After all the solid had dissolved, 1.0 mL of 2.5% NaOH catalyst was added drop-wise.
The solution was allowed to stir for 10 minutes. After 10 minutes equimolar amount of (E)-4-
dimethylaminocinnamaldehyde (0.29 g) was carefully added to the solution. Due to the
photoreactivity of the compound, the flask was wrapped in aluminum foil. The reaction was
allowed to continue over night. A blood-red colored precipitate was filtered in vacuo. 'H and
13C NMR spectrum using CDCI3 were taken to test for the product. The product was then roto-
vaped with silica gel and purified using silica gel column chromatography with hexanes spiked
with ethyl acetate over the course of 3 weeks. 'H and '3C NMR spectrum using CDCl3; were
again taken to structurally determine ASBZ2 and purity was confirmed by TLC. The reaction
scheme for ASBZ2 is shown in figure 6. The melting point was found to be 200-203 °C. 'H and

13C NMR spectrum using CDCI3 spectrum are shown in figure 7.

(E)
77 2.5% (w/v) NaOH
MeOH, cont. stir, r.t.

asbf  + H

~

N

Figure 6: Reaction mechanism for the synthesis of ASBZ2
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2. Absorption and Fluorescence Spectra

UV-Vis of ASBZ2 was measured with a Schimadzu UV 2100 Spectrometer having 2 nm
band-passes. The fluorescence emission spectra were collected using a Perkin Elmer® LS 50B
luminescence spectrophotometer equipped with an R928 phototube detector. The NMR spectra

were collected using a Brunker® AVANCE 400MHz spectrometer.

3. Fluorescence Quantum Yield Determination of ASBZ.2

The quantum yield of fluorescence of conjugated organic dyes, such as ASBZ2 is a
measure of the efficiency with which absorbed light produces an excited state in the molecule,
and can be defined as the ratio of the number of photons emitted to the number of photons

absorbed by the fluorochrome. It is represented by the equation:

Int Ap n?

Intp A ng?

¢ = Pp X Eq. 1

Where @ is the quantum yield, /nt are the areas under the corrected emission spectra, 4 is the
absorbance at a fixed excitation wavelength, and # is the refractive index of the sample. The
subscript (z) denotes the appropriate values for the reference sample. A solution of fluorescein in
0.1 M NaOH was used as the quantum yield standard. In order to correct the fluorescence
emission spectra for instrument response, the literature emission of N,N-dimethylamino-3-
nitrobenzene (N,N-DMANB) was compared to the experimental emission spectrum using the LS
50B status.? Scale factors were determined between 12,500 and 22,000 cm™! at intervals of 50

cml.

17



Absorption was measured using solvents of differing polarities. The solvents used:
ethanol, n-propanol, n-butanol, acetonitrile, acetone, dichloromethane (DCM), ethyl acetate,
diethyl ether, carbon disulfide (CS>), tetrahydrofuran (THF), toluene, and n-hexane. Absorbance
of a stock solution was gathered at a maximum absorbance of ~0.5. The solution was then
diluted tenfold. Both emission and absorbance measurements were performed twice for
reproducibility. Corrected emission wavelengths were made using a stock solution of fluorescein
in 0.1 N NaOH, which was measured and diluted in the same manner. Correction was applied
for instrument response. Wavelengths were exported to Apple Numbers® to convert to
wavenumbers, and then imported onto MathCad® to adjust for the corrected emission spectra.
MathCad was used to calculate the area under the corrected fluorescence emission spectra and to
compute the fluorescence quantum yields.® Appendix A shows a sample calculation for the
fluorescence quantum yield of ASBZ2 in acetone. Grapher® was used to create graphs spectral

data.

4. Fluorescent Lifetime Determination
The fluorescence lifetime of a compound (1r) is defined as the inverse of the sum of the
first-order radiative and nonradiative rates of decay:
=1/(ke+ Knr) Eq. 2
Where knr =kictkise. The fluorescence lifetimes (tr) of ASBZ2 were measured in the following
four solvents: acetone, CS», n-butanol, and diethyl ether. Photon Technology International
fluorescence lifetime spectrometer equipped with a GL-3300 nitrogen laser and GL-302 dye

laser compartments was used for the lifetime measurements. In order to prevent quenching of

18



the excited state by molecular oxygen, the sample was first degassed with N> for at least 5
minutes. The fluorescence decay curves of the analyze were then measured. Felix 32 software
was used to analyze the fluorescence decay curves. The fluorescence decay profile of an
instrument response function (IRF) was generated at approximately the same maximum intensity
as the sample decay; an aqueous non-dairy creamer was used as the IRF. Neutral density filters
were used to appropriately adjust the fluorescence intensity of the IRF profile upon generating
the fluorescence decay curves as well as the IRF. Fluorescence lifetimes were measured via a
curve-fitting procedure, and lifetimes were selected on how well the field-fit curve aligned with
the sample decay curve by statistical analysis. Appendix B shows a sample calculation for the

fluorescence lifetime determination of ASBZ2 in acetone.
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Results and Discussion

1. Introduction

After the synthesis of ASBZ2, the compounds solvatochromic properties were measured
with regard to absorbance, fluorescence, fluorescence quantum yields, and fluorescence lifetime
decays. These properties were measured in 12 different non-polar, polar aprotic, and polar protic
solvents. The solvatochromic properties visually represented themselves by a bathochromic
(red) shift in color of the various solvents as polarity increased: when the dark maroon colored
ASBZ2 was dissolved the more non-polar solvents showed a yellow to orange color, while the
polar aprotic solvents showed a red to maroon color; the polar protic solvents interestingly
showed a bright pink color. Maximum absorbance and fluorescence were measured, and
quantum yields were calculated from the data. The melting point of ASBZ2 was found to be

between 200 and 203 °C.

2. Absorption and Fluorescence Properties

The absorption and fluorescence spectra of 6 solvents varying in polarities is given in
figure 9. The spectra show the general trend of the bathochromic shift as solvent polarity
increases. This shift occurs in both absorption and emission, however the figure shows that the
shift is much greater in emission than in absorbance; the Stoke’s shift increases as solvent
polarity increases. In addition the spectra broaden as polarity increases. The bathochromic shift
and the greater shift in emission can be seen in figures 10 and 11 where fluorescence and
absorption wavenumbers are plotted against the solvent polarity function (Af) and the empirical

solvent polarity scale [ET(30)]. These numbers are also listed in Table 1.
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The solvent polarity function (Af) and E1(30) are empirical values based on literature.

They are dependent on the polarity of the solvent, and the equation for Af is given?:

2
Af e—1 . n -1
2¢+1 2n? -1

Eq.3

where ¢ is is the dielectric constant and n is the refractive index of the solvent. Et(30) is based
on the solvatochromic charge transfer shift of E1-30, a betaine dye.’
The shift in the absorbance and fluorescence, as well as the increase in Stoke’s Shift are

cause by slolvatochromic properties between ASBZ2 molecules and the solvent. Since ASBZ2

has an electron withdrawing carbonyl group and a electron donating amino group, the polarity of

the solvent affects difference in dipole moment between the ground and excited state.
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Figure 9: Absorbance and emission spectra of ASBZ2 in various solvents.

22



Table 1:

Spectroscopic and photophysical characteristics of ASBZ2 in various

solvents3.
Solvent (cglﬂ‘l) (cﬁrflb-sl) Af (k]j;l(?rgll) r (12) (S) (IS)
Ethanol (713375171;) ( 429%Oi?n) 0.2843 51.9 ]0.035( - - -
n-Propanol (713346r21r2n) ( 510948;‘1;) 0.2746 50.7 [0.056| - - -
n-Butanol (713356?1;) ( 5109193(;) 0.2642 50.2 [0.073| 0.3 |2.35x10® |2.99x10°
Acetonitrile (713365§i1) ( 4270791?;) 0.3054 45.6 0.091( - - -
Acetone (713336221) ( 427();?1;) 0.2843 422 [0.154] 0.7 | 2.08x10® | 1.14x10°
DCM ( 6174285121) ( 428(;4?1;) 0.2171 40.7 [0.357] - - -
Ethyl Acetate ( 616511 1311511) ( 4271023;) 0.1996 38.1 028 | - - -
Diethyl Ether ( 6106553121) ( 426164r91r5n) 0.1669 345 [0.165( 0.7 | 2.43x108 | 1.23x10°
CS2 ( 610694:121) ( 428()9451&) -0.0007 32.8 0.127]| 0.5 | 2.40x10® | 1.65x10°
THF (71049031) ( 42807531;;) 0.2104 37.4  10.059( - - -
Toluene ( 519667?1311) ( 427079$n) 0.0131 339 0.129| - - -
n-Hexane ( 513517121r2n) ( 42232612;) -0.0004 - - - - -
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The quantum yield (®r) was plotted against the fluorescence wavenumbers (0) in figure
12. The figure shows a bell-like curve of the solvents in decreasing polarity. The quantum yield
increases with polarity until it reaches solvents of moderate polarity, after which the quantum
yields begin to fall again. This is due to a competition between intersystem crossing and internal
conversion.

This phenomenon is determined by El Sayed’s rule, which states that the rate of
intersystem crossing is faster between two states of different orbital configurations when the S;
state is higher in energy than the T> state. However, as polarity increases, the T2 (n,n*) state
increases, which causes a decrease in the rate of intersystem crossing. The rate of intersystem
crossing decreases with polarity, while the rate of internal conversion increases exponentially.
Since ®ris given by the equation:

®=k/(ke+ kar) Eq. 4
Knr =KictKisc
Where kris the first order radiative rate of decay, ku 1s the first order rate of non-radiative decay,
kic 1s the rate of internal conversion, and kisc is the rate of intersystem crossing. Therefore as kisc
decreases with polarity, the quantum yield increases. However since kjc increases exponentially

with polarity, it becomes the dominant factor, and quantum yield eventually decreases.
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The AD was plotted against Af to give the Lippert-Mataga plot (Figure 13). The Lippert-

Mataga Plot creates a linear relationship between the Stoke’s Shift (AD) and Af. The equation
provided by the trend line allows the calculation of the excited gas phase dipole moment. The

equation (y=mx+b) for the line correlates to the equation?®:

2Au*

3

Av= Af+Av, Eq. 5

hca

Ap=pe-pg

Where h equals Planck’s Constant (6.626x10-34 J*s), ¢ equals the speed of light in a vacuum
(2.998x10% m/s), a is the Onsager cavity radius (calculated to be 6.0 A), and Ap is the change in
dipole moment. The ground state dipole moment (1) and the Onsager cavity radius were
calculated using Gaussian 3. p was calculated to be 6.82 D, while Ap was found to be 14.54 D,
and pe was calculated to be 21.36 D. The large increase in dipole moment is due to charge

transfer and the asymmetry of the molecule.
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Figure 13: Lippert-Mataga Plot of Stoke’s Shift (A0) versus Af of compound

II in the various solvents
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Quantum Chemistry Calculations

DFT B3LYP/6-31G(d) geometry optimization and TD-DFT spectral calculations were
performed on ASBZ2. The computed S1 transition internal charge transfer is shown in figure 14.

Calculations show that the SO=»S1 transition occurs via an ICT (7t,7*) mechanism. The SO=»S2

transition is predicted to be (n,m*). Calculated dipole moments, wavelengths, and oscillator

strengths (f) are given in Table 2. The oscillator strengths express the strength of the transitions.

Table 2: Molecular Orbital Calculations of ASBZ2

HOMO=>LUMO S1 (CT, m,m*) Hyround — 6.82D

(B3LYP/6-31G(d))

2=479.0 nm, =1.44

HOMO _24LUMO Sz (n’n*) AH =14.54D (Lippert-Mataga PlOt)

%=440.4 nm, £=0.00 Mg = 21.36D

S, [CT, mm*)

S, (n*)

Figure 14: Computer molecular orbitals of ASBZ2
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The molecular orbitals show a charge transfer from the amino group aromatic group to the

carbonyl group for the HOMO=>LUMO S1 (CT, m,m*) excitation. Since the compound is

asymmetrically substitute, the dipole moment does not point directly at the carbonyl group, but is

also pointed towards the benzofuran substituent.
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Conclusions

The results of the spectroscopic and photophysical properties of ASBZ2 show that it
exhibits solvatochromic properties in solvents of various polarities. The absorbance and
emission show a correlation with regard to Af and E1(30), and show that the Stoke’s Shift for the
compound increases with solvent polarity. The Lippert-Mataga plot showed a linear correlation
between Stoke’s Shift and the solvent polarity function. This confirms an electron charge
transfer and a change in the electronic dipole moment from 6.82 D to 21.36 D. The fluorescent
quantum yields also showed a change with solvent polarity consistent with El Sayed’s Rule.
Fluorescent lifetimes changed with solvent polarity, and the photophysical properties are
attributed to the nonradiative rate of decay from the excited state Si. Finally, the quantum

chemical calculations showed that the So=®S; transition occurs via an ICT (r,n*) mechanism,

and the S¢=>S: was predicted to be (n,m*).
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Appendices

Appendix A: Fluorescence Quantum Yield Sample Calculation

Connors

Quantum yield determination for ASBZ2 in Acetone Set 1
with red sensitive tube. Experiment 1

This QuickSheet demonstrates Mathcad’s ¢spline and interp
functions for connecting X-Y data. 0

Enter a matrix of X-Y data to be interpolated:
Enter spectral data for compound after converting to wavenumbers, multiplying intensity by

lambda squared DO NOT normalize intensity. Insert data from Excel -right key, paste table.

datal :=

052.63 |.46-106
030.49 .43-106
1008.4 |.36-106
D986.36

Click on the Input Table above until you see the handles, and
enlarge it to see the matrix data used in this example.

datal := csort(datal,0)

AAAANAAA,

(o) (v

X := datal Y := datal

Spline coefficients:

S1 := cspline(X,Y)

Fitting function:

fit(x) := interp(S1,X,Y,x)
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ample interpolated values:
Samp P fit(21000 = 2.317% 10°
fit(18800 = 7.506x 10°

acetone 1

Intensity
T

| |
12x10°  135x10°  15x10" 1esx10t 18x10t 19sx10t 2.1x10

W avenumbers

XXX X-Y data
—— Cubic spline interpolation

Correction factors for LS50B with red sensitive tube
DATA Limits 12,500-22,200 Wavenumbers

corrdata :=

0 12500 4.43
1 12550

xdata := csort(corrdata, 0)

A= corrdata< 0 B:= corrdata< v

Spline coefficients:

S := cspline(A,B)

ARA

Fitting function:

Fitting function:

corrfi(x) := interp(S, A, B, x)
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corrspec(x) := corrfi(x)- fit(x)

5><107 T T T T
1:=1250012550.2220
1 4x10'- .
1.25-104
104
1.255-10 3%10’F -
1.26-104 corrspec (X)
fit(x)
..... ’7_ ]
2x10
corrspec(l) = 1107 i
1.751-106
3.959-106
4.566-106 or—r = ' =
5.036.106 1.25x10% 1.42x10* 1.59x10* 1.76x10* 1.93x10* 2.1x10*
X, X
W avenumbers
20600 9 20600 10
J fit(x) dx = 5.958x 10 J corrspec(x) dx =2.779% 10
12500 12500

Enter a matrix of X-Y data to be interpolated:

Enter spectral data for standard (fluorescein) after converting to wavenumbers, multiplying
intensity by lambda squared DO NOT normalize intensities. Insert data from Excel -right key,

paste table.

stdata :=

052.63[.11-106
030.49}.91-106
1008.4

Click on the Input Table above until you see the handles, and
enlarge it to see the matrix data used in this example.
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stdata := csort(stdata ,0)

Ci= stdata<0> D := stdata

Spline coefficients:

S,:= cspline(C, D)

Fitting function:

sfit(x) := interp(S,C, D, x)

sfit(18000 = 1.328< 10"

4x10'F
Sﬁt(X) 3><107_

D 210 F

1x107

0 1 1
1ax10t 1exi0t 1sx10t 2x10f
x,C
scorrspec(x) := corrfi(x)-(sfit(x))

(v

T T T T
6x10't =
soorrspec (x)
4x10'F .
sfit(x)
2><107‘
0 1 ] ]

125x10% 1.42x10% 1.59x10* 1.76x10* 1.93x10"

X, X

2.1x10*
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Compound Standard

o dx =2.779% 1010 20600 10
corrspec(x) dx = 2. J scorrspec(x) dx = 7.29x 10

12500 12500
Ar nder correct m n rv
ea under corrected compound curve Area under corrected standard curve
20600
Dc := J corrspec(x) dx 20600
12500 Ds := J scorrspec(x) dx
12500
Dc =2.779% 1010 Ds =7.29x 1010
Compound Standard
Absorbance at (ex) Ac :=0.053 As :=0.0246
Index of refraction acetone NaOH
nc :=1.35 ns =141
quantum yield of QYs:=0.9:
standard
As nc Dc
QYc:=QYs| — |- nc- | —
Ac ns-ns Ds
QYc=0.154
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Appendix B: Fluorescence Lifetime Sample Calculations

Fluorescence Lifetime of ASBZ2 in Acetone

Analysis Function :  Tue Apr 20 2010 at 14:40
EkHEEX one-to-four exponentials **#**
kxEE Input Values #*%%*

Decay curve : Al 478:671 acetone 200chan

IRF curve : A1 478:478 200chan

Start Time 0 4091

End Time : 50.11

Offset will be calculated

Shift will be calculated

Pre-exp. 1 o1

Lifetime 1 o1
Ak Statistics *HFH*F*

Job done after 6 iterations in 0.047 sec.

Fitted curve : FLD Fit (3)

Residuals : FLD Residuals (3)
Autocorrelation : FLD Autocorrelation (3)
Deconvolved Fit : FLD Deconvoluted (3)
Chi2 : 2.15

Durbin Watson . 1.905

Z :-0.03869
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Pre-exp. 1

Lifetime 1

F1 o1

Tau-avl

Tau-av2

Offset :-16.7

Shift : 0.3653

: 1.759 +1.652e-002 (100 +0.9395%)

2 0.7523 + 8.135e-003

2 0.7523

: 0.7523
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Fluorescence lifetime of ASBZ2 in acetone

Figure 15
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