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The model compounds, 8-methoxypsoralen-CH2O(CH2)n-adenine (MOPCH2OCnAd, n=2, 3, 5, 6, 8, and 10)
in which 5 position of 8-methoxypsoralen (8-MOP) is linked by various lengths of polymethylene bridge to N9

of adenine. UV absorption spectra are identical with the sum of MOPCH2OC3 and adenine absorption spectra.
Solvent effects on the UV absorption and fluorescence emission spectra indicate that the lowest excited singlet
state is the (π→π*) state. The spectral characteristics of the fluorescence of MOPCH2OCnAd are strongly
dependent upon the nature of the solvents. The fluorescence emission spectra in aprotic solvents are broad and
structureless due to the excimer formation through the folded conformation accelerated by hydrophobic π-π
stacking interaction. Increasing polarity of the protic solvents leads to higher population of unfolded
conformation stabilized through favorable solvation and H-bonding, and consequently to an increase in the
fluorescence intensity, fluorescence lifetime, and a shift of fluorescence maximum to longer wavelengths. The
decay characteristics of the fluorescence in polar protic solvents shows two exponential decays with the
lifetimes of 0.6-0.8 and 1.6-1.9 ns in 5% ethanol/water, while MOPCH2OC3 shows 0.5 and 1.7 ns fluorescence
lifetimes. The long-lived component of fluorescence can be attributed to the relaxed species (i.e., the species
for which the solvent reorientation (or relaxation) has occurred), while the short-lived components can be
associated with the unrelaxed, or only partially relaxed, species.

Key Words : Psoralen derivatives, UV spectra, Fluorescence spectra, Time-resolved fluorescence emission
decay, Solvent effects

Introduction

The ability of psoralens to complex with DNA in the
ground state by intercalation has been well established1 and
many psoralens are employed as the photosensitizing agents
for the treatment of various skin diseases,2-5 e.g., psoriasis,
vitiligo, mycosis fungoides, chromic leukemia, and some
infections connected with AIDS.6 In addition to medicinal
applications, psoralens have been used as molecular probes
in elucidating the structure of many important biological
macromolecules.7,8 A large number of studies on the
mechanism of the photochemical reactions between psoralen
and DNA bases in vivo1,9 or with thymine derivatives10,11

have been carried out. These studies involved intermolecular
processes leading generally to a mixture of several
photoproducts. Binding of psoralens to DNA is generally the
consequence of two successive events: (a) intercalation of
the psoralen between the base pairs of nucleic acids in the
ground state,12,13 (b) [2+2] type photoconjugation of the 3,4-
pyrone and/or 4',5'-furan double bond of complexed

psoralen to pyrimidine 5,6 double bond.9,14 The formation of
the intercalated complex between psoralens and DNA is an
important step which markedly affects the successive
covalent photobinding to the macromolecule.12,13 To investigate
these two processes in the absence of complicating factors
associated with hydrogen bonding or the usual carbohydrate
and phosphodiester linkages, Lhomme and Decout15 prepared
a series of model compounds 4 starting from 8-hydroxy-
psoralen (2) and showed that the polymethylene bridges
allow intramolecular ring-ring stacking of the two chromo-
phores in the molecules. Castellan et al.16 also investigated
the interactions and the photoreactions of synthetic psoralens
containing psoralen and thymine rings, two psoralen rings (3
and 5), or two thymine rings. The reactivity of the
bispsoralen 5 were reported to be sensitive to the presence of
cations because the cations added caused the conformation
of the polyoxyethylene chain folded, increasing the intra-
molecular interaction between two psoralen chromophores.
Recently, Shim et al. suggested that the photoreaction of
psoralen with DNA proceeds by adenosine-mediated elec-
tron transfer from/to psoralen to/from thymine base.17,18

Moreover, they reported that the poly[dA-dT]⋅poly[dA-dT]
sequence region is the most favorable site for the photo-
cycloaddition reactions of furocoumarins.17 Because of the
importance of interaction between the 8-methosypsoralen
and purine base pairs in DNA, we prepared some model
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compounds (6-12), the bifunctional psoralen derivatives
having an adenine as electron donor linked by a varying
length of polymethylene bridges starting from 1, and studied
intramolecular ring-ring stacking interactions between the
two aromatic moieties.19 In this paper, we report some
photophysical properties of these compounds including the
role of adenine ring in the complexation process. 

Materials and Methods

Instruments. The 1H-NMR and 13C-NMR spectra were
recorded on Brüker AM-400 MHz spectrometer. Proton
chemical shifts (δ) are reported in ppm downfield from
tetramethylsilane (TMS), and 13C resonance peak of the
solvent as an internal reference and reported in ppm down-
field from TMS. Fourier transform infrared spectra (FTIR)
were recorded on a Nicolet 5-DXB series FT-IR spectro-
photometer. Mass spectra were determined at 70 eV with
V.G. AutoSpec Ultma by the electron impact (EI) method.
UV absorption spectra were recorded on a Shimadzu 3100S
spectrophotometer. Fluorescence spectra were recorded on a
Perkin-Elmer LS-50 luminescence spectrometer with a
gated photomultiflier tube detector at room temperature. The
time-resolved fluorescence decay curve was obtained by
time-correlated single photon counting (TCSPC) technique.
The excitation source was a cavity-dumped dual-jet pico-
second dye laser (Coherent, model 702) synchronously
pumped by a mode-locked Ar ion laser (Coherent, Innova
200). Nanosecond Nd : YAG laser (frequency-tripled 355
nm) pulse and Xenon arc lamp was used for the excitation
and analytical probe light for laser flash photolysis study.
Melting points were determined in capillary tubes on a
Thomas Hoover capillary melting point apparatus. 

Chemicals. 8-Methoxypsoralen and adenine were purchased
from Sigma Chemical Co. or Aldrich Co. and used without
further purification. All solvents were reagent grade or
HPLC grade and purified according to the literature proce-

dures.20 Bulk grade hexane was distilled prior to use.
Spectroscopic grade acetonitrile (CH3CN), benzene, chloroform,
dimethyl sulfoxide (DMSO), ethanol, methanol, methylene
chloride, and tetrahydrofuran (THF) were purchased from
Merck and used as received. 8-Methoxypsoralen-CH2O(CH2)n-
adenine (MOPCH2OCnAd, n = 2, 3, 5, and 6; compound 7,
8, 9, and 10) were synthesized from 8-methoxypsoralen
and adenine.19 The new compounds, MOPCH2Ad (6),
MOPCH2OC8Ad (11) and MOPCH2OC10Ad (12) including
intermediates such as MOPCH2OCnOH and MOPCH2OCnBr
were obtained through one step or three steps by the known
procedures.19 Methods and analytical and spectroscopic data
for individual intermediates and target materials were as
follows:

Preparation of MOPCH2Ad (6). 5-Chloromethyl-8-
methoxypsoralen (0.31 g, 1.17 mmol) prepared from 8-
methoxypsoralen21 was added to a stirred mixture of adenine
(0.19 g, 1.41 mmol), K2CO3 (0.39 g, 2.81 mmol), and
catalytic amounts of KI (19.0 mg) in DMF (12 mL). The
stirring was continued for 48 hr at room temperature. The
mixture was filtered and the filter cake was washed with
ethyl acetate. Following removal of the solvent in vacuo, the
residue was chromatographed with 10% methanol/methylene
chloride to give MOPCH2Ad 6 (0.30 g, 71%) as a white
solid: mp 263-265 oC. 1H-NMR (400 MHz, DMSOd6) δ
4.16 (s, 3H), 5.84 (s, 2H), 6.52 (d, 1H, J = 9.9 Hz), 7.31 (d,
1H, J = 2.2 Hz), 7.54 (bs, 1H), 8.10 (s, 1H), 8.14 (d, 1H, J =
2.2 Hz), 8.23 (s, 1H), 8.71 (d, 1H, J = 9.9 Hz); 13C-NMR
(100 MHz, DMSOd6) δ 60.95, 105.70, 114.53, 115.00,
118.83, 126.57, 132.11, 140.69, 141.56, 142.92, 146.30,
148.08, 149.05, 151.41, 155.03, 159.15; Mass (m/e) 102,
158, 186, 201, 229, 230, 363; HRMS Calcd for C18H13N5O4:
363.0968. found: 363.0976.

Preparation of MOPCH2OC8OH. 5-Chloromethyl-8-
methoxypsoralen (0.91 g, 3.42 mmol) was mixed with 1,8-
octanediol (5.0 g, 34.2 mmol), and heated to 90-100 oC with
stirring for 12 hr and cooled to room temperature. The resulting
mixture was concentrated and column chromatographed with
50% ethyl acetate/hexane to give MOPCH2OC8OH (0.35 g,
49%) as white solid: mp 79.5-81.5 oC; 1H-NMR (400 MHz,
DMSO-d6) δ 1.25-1.30 (m, 8H), 1.47-1.57 (m, 4H), 3.45 (t,
2H, J = 6.5 Hz), 3.59 (t, 2H, J = 6.6 Hz), 4.24 (s, 3H), 4.82
(s, 2H), 6.38 (d, 1H, J = 9.9 Hz), 6.91 (d, 1H, J = 2.2 Hz),
7.67 (d, 1H, J = 2.2 Hz), 8.13 (d, 1H, J = 9.9 Hz); 13C-NMR
(100 MHz, CDCl3) δ 25.61, 26.04, 29.25, 29.28, 29.61,
32.66, 61.33, 62.88, 66.42, 70.65, 105.42, 114.53, 115.27,
120.69, 126.53, 132.53, 141.23, 143.71, 146.50, 146.91,
160.22; IR (cm−1) 3407, 3116, 2932, 2864, 1729, 1587,
1476, 1420, 1384, 1311, 1136, 1088, 1040, 831, 755; Mass
(m/e) 175, 186, 201, 217, 229, 245, 374. HRMS Calcd for
C21H26O6: 374.1729. found: 374.1727.

Preparation of MOPCH2OC10OH. Reaction of 5-
chloromethyl-8-methoxypsoralen (0.66 g, 2.48 mmol), 1,10-
decanediol (8.64 g, 49.6 mmol) in DMF (10 mL) was carried
out as described for the preparation of MOPCH2OC8OH to
yield MOPCH2OC10OH (0.47 g, 47%) as white solid: mp
69-71 oC; 1H-NMR (400 MHz, CDCl3) δ 1.16-1.35 (m,

Figure 1. Chemical structures of 8-MOP (1), 8-hydroxypsoralen
(2), psoralen analogues (3-5), MOPCH2Ad (6), and MOPCH2O-
CnAd (7-12).
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12H), 1.49-1.57 (m, 5H), 3.45 (t, 2H, J = 6.4 Hz), 3.60 (t,
2H, J = 6.4 Hz), 4.25 (s, 3H), 4.82 (s, 2H), 6.38 (d, 1H, J =
9.9 Hz), 6.91 (d, 1H, J = 2.2 Hz), 7.66 (d, 1H, J = 2.2 Hz),
8.13 (d, 1H, J = 9.9 Hz); 13C-NMR (100 MHz, CDCl3) δ
25.67, 26.10, 29.27, 29.32, 29.43, 29.63, 32.73, 61.31,
62.96, 63.00, 66.44, 70.70, 105.42, 114.53, 115.30, 120.74,
126.51, 132.57, 141.21, 143.21, 143.77, 146.46, 146.96,
160.18; IR (cm−1) 3427, 3116, 2932, 2854, 1729, 1587,
1476, 1423, 1384, 1311, 1132, 1093, 1038, 831, 762; Mass
(m/e) 186, 201, 217, 229, 230, 245, 402. HRMS Calcd for
C23H30O6: 402.2042. found: 402.2055.

Preparation of MOPCH2OC8Br. To a magnetically
stirred solution of MOPCH2OC8OH (0.33 g, 0.88 mmol)
and carbon tetrabromide (0.59 g, 1.77 mmol) in methylene
chloride (10 mL) was added triphenylphosphine (0.49 g,
1.86 mmol) portionwise with ice-bath cooling. Upon com-
pletion of the reaction, ice-water (10 mL) was added and the
oily suspension was extracted with methylene chloride (50
mL × 3). The organic extract was dried with magnesium
sulfate, and the solvent was removed in vacuo. The resulting
material was dissolved in ethyl acetate and subjected to
column chromatography on silica gel with 30% ethyl acetate/
hexane which gave MOPCH2OC8Br (0.31 g, 81%) as white
solid: mp 56.5-58 oC. 1H-NMR (400 MHz, CDCl3) δ 1.25-
1.36 (m, 4H), 1.55 (q, 2H), 1.79 (q, 2H), 3.35 (t, 2H, J = 6.8
Hz), 3.45 (t, 2H, 6.4 Hz), 4.24 (s, 3H), 4.81 (s, 2H), 6.37 (d,
1H, J = 9.8 Hz), 6.91 (d, 1H, J = 2.2 Hz), 7.66 (d, 1H, J = 2.2
Hz), 8.12 (d, 1H, J = 9.8 Hz); 13C-NMR (100 MHz, CDCl3)
δ 26.01, 27.99, 28.59, 29.11, 29.59, 32.66, 33.95, 61.31,
66.43, 70.66, 105.42, 114.53, 115.25, 120.66, 126.51, 132.52,
141.18, 143.70, 146.49, 146.90, 160.15; IR (cm−1) 3075,
2932, 2858, 1723, 1590, 1467, 1430, 1338, 1301, 1129,
1038, 846, 753; Mass (m/e) 186, 201, 217, 229, 436, 438;
HRMS Calcd for C21H25BrO5: 436.0885. found: 436.0877.

Preparation of MOPCH2OC10Br. Reaction of
MOPCH2OC10OH (0.39 g, 0.98 mmol), carbon tetrabromide
(0.65 g, 1.95 mmol), and triphenylphosphine (0.54 g, 2.05
mmol) in methylene chloride (5 mL) was carried out as
described for the preparation of MOPCH2OC8Br to obtain
MOPCH2OC10Br (0.43 g, 95%) as white solid: mp 54-56
oC. 1H-NMR (400 MHz, CDCl3) δ 1.20-1.39 (m, 12H), 1.56
(q, 2H), 1.80 (q, 2H), 3.37 (t, 2H, J = 6.8 Hz), 3.46 (t, 2H, J
= 6.5 Hz), 4.26 (s, 3H), 4.83 (s, 2H), 6.38 (d, 1H, J = 9.9
Hz), 6.92 (d, 1H, J = 2.2 Hz), 7.67 (d, 1H, J = 2.2 Hz), 8.13
(s, 1H, J = 9.9 Hz); 13C-NMR (100 MHz, CDCl3) δ 26.11,
28.09, 28.66, 29.29, 29.37, 29.46, 29.65, 32.76, 33.94,
61.32, 66.46, 70.73, 105.44, 114.57, 115.30, 120.74, 126.49,
132.58, 141.15, 143.79, 146.46, 146.98, 160.13; IR (cm−1)
3116, 2932, 2851, 1733, 1587, 1461, 1427, 1379, 1311,
1132, 1093, 1038, 831, 753; Mass (m/e) 186, 201, 217, 229,
464; HRMS Calcd for C23H29BrO5: 464.1198. found:
464.1273.

Preparation of MOPCH2OC8Ad (11). MOPCH2OC8Br
(0.30 g, 0.69 mmol) was added to a stirred mixture of
adenine (0.11 g, 0.82 mmol), K2CO3 (0.23 g, 1.65 mmol),
and catalytic amounts of KI (10.0 mg) in DMF (10 mL). The
stirring was continued for 72 hr at room temperature. The

mixture was filtered and the filter cake was washed with
ethyl acetate. Following removal of the solvent in vacuo, the
residue was chromatographed with 10% methanol/meth-
ylene chloride to give MOPCH2OC8Ad 11 (0.24 g, 71%) as
a white solid: mp 139.5-140.2 oC. 1H-NMR (400 MHz,
CDCl3) δ 1.22-1.26 (m, 8H), 1.49-1.54 (q, 2H), 1.82-1.85 (q,
2H), 3.43 (t, 2H, J = 6.5 Hz), 4.14 (t, 2H, J = 7.2 Hz), 4.24
(s, 3H), 4.81 (s, 2H), 5.83 (bs, 2H), 6.38 (d, 1H, J = 9.9 Hz),
6.90 (d, 1H, J = 2.2 Hz), 7.66 (d, 1H, J = 2.2 Hz), 7.62 (s,
1H), 8.11 (d, 1H, J = 9.9 Hz), 8.32 (s, 1H); 13C-NMR (100
MHz, CDCl3) δ 26.00, 26.52, 28.92, 29.10, 29.58, 30.00,
43.89, 61.33, 66.46, 70.58, 105.41, 114.58, 115.29, 119.65,
120.65, 126.52, 132.58, 140.51, 141.17, 143.74, 146.51,
146.93, 150.08, 152.60, 155.29, 160.17; IR (cm−1) 3328,
3167, 3113, 2932, 2858, 1729, 1649, 1595, 1481, 1420,
1313, 1132, 1091, 1038, 917, 829, 729; Mass (m/e) 135,
149, 162, 176, 190, 204, 218, 229, 247, 261, 476, 491;
HRMS Calcd for C26H29N5O5: 491.2168. found: 491.2160.

Preparation of MOPCH2OC10Ad (12). Reaction of
MOPCH2OC10Br (0.43 g, 0.91 mmol), adenine (0.15 g,
1.10 mmol), K2CO3 (0.30 g, 2.20 mmol), and catalytic
amounts of KI (15.0 mg) in DMF (9 mL) was carried out as
described for the preparation of MOPCH2OC8Ad to yield
MOPCH2OC10Ad 12 (0.25 g, 53%) as a white solid: mp
76.5-79 oC. 1H-NMR (400 MHz, CDCl3) δ 1.18-1.27 (m,
12H), 1.50-1.55 (q, 2H), 1.99-2.01 (q, 2H), 3.44 (t, 2H, J =
6.5 Hz), 4.15 (t, 2H, J = 7.2 Hz), 4.24 (s, 3H), 4.82 (s, 2H),
5.86 (bs, 2H), 6.38 (t, 2H, J = 9.9 Hz), 6.91 (d, 1H, J = 2.2
Hz), 7.66 (d, 1H, J = 2.2 Hz), 7.78 (s, 1H), 8.13 (d, 1H, J =
9.9 Hz), 8.32 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ 26.09,
26.58, 28.94, 29.23, 29.27, 29.34, 29.64, 30.01, 43.94,
61.33, 66.46, 70.67, 105.42, 114.56, 115.31, 120.73, 126.52,
132.58, 140.54, 141.21, 143.77, 146.48, 146.96, 150.30,
152.58, 155.27, 157.69, 160.18; IR (cm−1) 3328, 3167, 3113,
2932, 2858, 1729, 1649, 1595, 1481, 1420, 1313, 1132,
1091, 1038, 917, 829, 749; Mass (m/e) 135, 149, 162, 176,
190, 204, 229, 246, 275, 290, 504, 519; HRMS Calcd for
C28H33N5O5: 519.2481. found: 519.2601.

Results and Discussion

UV absorption spectra. UV absorption spectra of
MOPCH2OCnAd show nearly the same pattern as the sum
of UV spectra of MOPCH2OC3 (219, 248, and 305 nm) and
adenine (205 and 261 nm) in the range of 200-400 nm with
the maximum intensities at 206 (ε = 35000 M−1cm−1), 255 (ε
= 26000 M−1cm−1), 309 (ε = 10000 M−1cm−1), and a broad
shoulder in the long UVA region of 310-380 nm in 5%
ethanol/water as shown in Figure 2 and Table 1 and 2. The
most striking feature characterizing the relationships between
MOPCH2OCnAd and 8-MOP is that absorption maximum
of MOPCH2OCnAd having two aromatic moieties tends to
move toward longer wavelengths than 8-MOP and the fine
structure tends to be decreased or broadened due to the
increased intramolecular π-π stacking interaction in the
folded conformation.19 MOPCH2OCnAd shows similar UV
absorption as 8-MOPCH2OC3 in the range of 310-380 nm,
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at which psoralen + UVA (PUVA) therapy is conducted.
In polar protic solvents, the absorption bands around 252

and 255 nm red shifted with increasing solvent polarity,
showing that π→π* transition is responsible for the
absorption bands. The UVB absorption around 300 nm also
showed a similar trend (λmax of UVB absorption band red
shifted from 302 nm in benzene to about 309 nm in 5%
ethanol/water).

Fluorescence excitation and emission spectra. The
fluorescence excitation and emission spectra of MOPC-
H2OCnAd, MOPCH2OC3, and 8-MOP in 5% ethanol/water

at room temperature are shown in Figure 3. The intensity of
both excitation and emission spectra of MOPCH2OCnAd
(n = 3, 5, 8), MOPCH2OC3 and 8-MOP is much weaker
than that of MOPCH2OC2Ad. Two aromatic units linked by
flexible polymethylene bridge can adopt folded and unfold-
ed conformations in solution and the position of the folded
� unfolded conformational equilibrium is a measure of the
intramolecular ring-ring stacking interaction as reported
earlier.19 The model MOPCH2OC2Ad (7) in aqueous solvent
is mostly in unfolded conformation stabilized through favorable
solvation and H-bonding and consequently nonradiative
decay paths like internal conversion or intersystem crossing
are slowed down leading to strong fluorescence.

MOPCH2OC5Ad (9) is more flexible than MOPCH2OC2Ad
(7) and can have strong π-π stacking interaction. MOPCH2-
OC5Ad (9), therefore, is chosen as a standard to investigate
the solvent effects, H-bonding and solvation in particular, on
the equilibrium of folded � unfolded conformation and π-π
stacking interaction. Fluorescence emission spectra of MOP-
CH2OC5Ad (9) in various solvents at room temperature
were recorded with λex at 300 nm. The λf

max is shifted from

Figure 2. Ultraviolet absorption spectra of MOPCH2OCnAd (7
and 9, n = 2 and 5), AdC3, MOPCH2OC3, 8-MOP (1), and
AdC3+MOPCH2OC3. All the spectra were measured under the
same conditions: 5 × 10−5 M, 20 oC, 5% ethanol in water.

Table 1. UV absorption of MOPCH2OCnAd (n = 2, 3, 5, 6, 8 and
10) derivatives and 8-MOP (1) in 5% ethanol/water

Compound λmax (nm) ε × 103 (M−1cm−1)

8-MOP (1) 303.5 11.9
MOPCH2Ad (6) − −
MOPCH2OC2Ad (7) 313.4 9.6
MOPCH2OC3Ad (8) 310.8 10.9
MOPCH2OC5Ad (9) 309.2 11.1
MOPCH2OC6Ad (10) 308.6 11.5
MOPCH2OC10Ad (12) − −

Table 2. The absorption maximum (λa
max) of MOPCH2OC5Ad (9)

in various solvents

Solvent λmax (nm)a

Benzene (−)b 302.2
Chloroform (−)b 306.8
THF (−)b 301.8
Methylene chloride 254.2 306.4
Acetonitrile 252.6 303.2
Ethanol 252.2 305.8
Methanol 253.2 305.4
5% Ethanol/water 255.0 309.2
aMeasured at the concentration of 0.05 mM. The maximum absorbance
was kept lower than 0.5. bUnder the absorption window of solvents.

Figure 3. Fluorescence excitation (left) and emission (right)
spectra of MOPCH2OC2Ad (7), MOPCH2OC3Ad (8), MOPCH2-
OC5Ad (9), MOPCH2OC6Ad (10), and 8-MOP (1), MOPCH2OC3
in 5% ethanol/water at room temperature (excitation at 300 nm).
Concentration was 2.5 × 10−5 M for all the solutions.

Figure 4. Fluorescence spectra of MOPCH2OC5Ad (9) in various
solvents (excitation at 300 nm).
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431 nm in benzene to 506 nm in methanol as shown in
Figure 4 and Table 3. The λf

max showed bigger red shift with
the increasing solvent polarity also indicating that fluore-
scent state is a (π→π*) state. The fluorescent intensity is
enormously increased in protic polar solvents which favor
unfolded conformation through H-bonding and polar solva-
tion. The unfolded conformer becomes very rigid because of
strong H-bonding and tight solvation and shows strong
fluorescence. The fluorescence emission spectra in aprotic
nonpolar solvents, in contrast, are broad and structureless
due to the strong hydrophobic π-π stacking interaction bet-
ween two aromatic units of the molecule in folded confor-
mation, which leads to the formation of weakly or non-
fluorescent excimer formation. The solvation of unfolded
conformer is poor in nonpolar aprotic solvents because of
ineffective H-bonding and weak polar interactions and
folded conformer is dominant due to the strong hydrophobic
interaction between two aromatic units of the molecule in
nonpolar solvents.

Time-resolved fluorescence emission decay. The steady-
state fluorescence in polar solvent is in sharp contrast to the
behavior of nonpolar solvents as shown in Figure 4. Lim et
al. demonstrated that the photophysical properties of the
psoralens are strongly influenced by S1 S0 internal
conversion, the rate of which is highly dependent upon the
solvent polarity, solvent viscosity, and temperature.22 The

dependence of the S1 S0 internal conversion rate upon
the solvent polarity can be rationalized in terms of the
orientation of the polar solvent molecules in the reaction
field of the electronically excited psoralens, which stabilize
S1(π,π*) relative to the higher lying S2(n,π*) singlet state.
The increased S1(π,π*)-S2(n,π*) electronic energy gap resulting
from this solvent reorientation (or relaxation) leads to a
reduced proximity effect, and hence to a diminished
S1 S0 internal conversion rate.

Since the intensity of the fluorescence is very strong in
protic polar solvents as shown in Figure 4, the fluorescence
lifetime of MOPCH2OCnAd and MOPCH2OC3 was
measured by the TCSPC method in 5% ethanol/water. The
fluorescence decay monitored at 520 nm consists of two
decay components as shown in Figure 5. Fluorescence
lifetime and calculated pre-exponential factor contributions
(proportional to fluorescence intensities) are shown in Table
4. The fluorescent lifetimes of MOPCH2OCnAd in 5%
ethanol/water solvent are 0.6-0.8 and 1.6-1.9 ns and those of
MOPCH2OC3 are 0.5 and 1.7 ns. It is noteworthy that the
lifetime of the first component (about 0.7 ns) is shorter than
that of the long-lived component (about 1.8 ns) at room
temperature. Thus, the origin of this component should be
different from that of the long-lived component at room
temperature. This difference of the dual fluorescence decay
in the polar protic solvent indicated that other species might
be formed from the solvent reorientation(or relaxation). The
long-lived component of fluorescence can be attributed to
the relaxed species (i.e., the species for which the solvent
reorientation has occurred), while the short-lived components
can be associated with the unrelaxed, or only partially
relaxed, species. The rise time of the longer wavelength
fluorescence is consistent with the solvent reorientation,
which competes with the decay processes of the S1(π,π*)
state.

Conclusions

The fluorescence showed two exponential decay curves.

Table 3. Fluorescence intensity of MOPCH2OC5Ad (9) in various
solvents at room temperature

Solvent λmax
Relative fluorescence

intensity

Benzene 431.0 106
THF 447.5 96
Chloroform 471.0 240
Methylene chloride 478.5 206
Acetonitrile 482.5 240
Ethanol 490.5 741
Methanol 505.5 897

Figure 5. Time-resolved fluorescence decay curves of MOPCH2Ad
(6), MOPCH2OCnAd (n = 2, 3, 5, and 8), and MOPCH2OC3
(excitation at 293 nm). 

Table 4. Fluorescence lifetime of MOPCH2Ad (6), MOPCH2OCnAd,
and MOPCH2OC3a

Model and reference
compounds

Short-lived
component

τ1 (ps)

Long-lived
component

τ2 (ps)
χ2

MOPCH2Ad (6) 784 (97)b 4372 (03) 1.14
MOPCH2OC2Ad (7) 841 (73) 1850 (27) 1.18
MOPCH2OC3Ad (8) 709 (44) 1927 (56) 1.31
MOPCH2OC5Ad (9) 587 (28) 1672 (72) 1.17
MOPCH2OC8Ad (11) 600 (18) 1580 (82) 1.06
MOPCH2OC3 475 (10) 1661 (90) 1.13
aTime-resolved fluorescence decay curves were obtained by TCSPC
(time-correlated single photon counting) technique at the wavelengths of
293 and 520 nm for excitation and detection, respectively. Concentration
was 5 × 10−5 M for all the solutions. Fluorescence lifetimes were estimated
by exponential best fit. bNumbers in parentheses represent the
contributions of each component, which is calculated from the pre-
exponential factor.
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The long-lived component of fluorescence can be attributed
to the relaxed species (i.e., the species for which the solvent
reorientation has occurred), while the short-lived components
can be associated with the unrelaxed, or only partially relaxed,
species. MOPCH2OCnAd shows similar UVA absorption
spectra like MOPCH2OC3 and 8-MOP. The λf

max showed
the red shift with the increasing solvent polarity also
indicating that fluorescent state is the 1(π,π*) state. Solvent
effects on the red shift of UV absorption and fluorescence
emission spectra indicate that the lowest excited singlet state
is a 1(π,π*) state. The fluorescence emission spectra of
MOPCH2OC5Ad in aprotic solvents were broad and
structureless due to the excimer formation through the folded
conformation. The intensity of fluorescence is dependent on
the length of the bridging chain and MOPCH2OC2Ad shows
the strongest fluorescence because the nonradiative decay
paths like internal conversion or intersystem crossing are
slowed down due to the unfolded conformation, which is
strongly H-bonded and tightly solvated, particularly in protic
polar solvents. 
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