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Abstract

The steady-state and time-resolved fluorescence of 9-amino-20 (S)-camptothecin (ACAM) were measured in a series of organic solvents.
The molecule exhibits charge-transfer (CT) fluorescence in nonhydrogen-bonding polar solvents. The solvatochromic data have been utilized
to estimate the dipole moment of the molecule in the lowest excited singlet state. The CT fluorescence of ACAM is quenched in polar and
hydrogen-bonding solvents. The fluorescence quenching of ACAM by methanol, water, and 2,2,2-trifluoroethanol were studied in 1,4-dioxane.
The quenching efficiency is linearly related to hydrogen bond-donating capacity of the quencher molecule. Semiempirical AM1 molecular
orbital calculations have been performed to calculate excitation energies, oscillator strengths, and ground and excited-state dipole moments
of ACAM as well of the parent drug, camptothecin. © 1998 Elsevier Science S.A. All rights reserved.

Keywords: 9-Aminocamptothecin; Fluorescence spectra; Solvent effect; Fluorescence lifetime; Fluorescence quenching; Excited-state dipole moment; Molec-

ular orbital calculations

1. Introduction

The 9-amino-20 (S)-camptothecin, ACAM (I) (Fig. 1)
is an anticancer drug currently under phase I clinical trials in
the USA [1]. The parent drug, 20 (§)-camptothecin, CAM
(II) (Fig. 1} a plant alkaloid was first isolated and charac-
terized by Wall et al. [2] in 1966 from a Chinese tree Camp-
totheca acuminata (family Nyssaceae). This pentacyclic
alkaloid contains a quinoline ring system (ring A and B), a
pyridone ring (ring D) and a terminal a-hydroxy lactone ring
(ring E). It has a chiral center (C-20) within the lactone ring.
Following its discovery and chemical identification, CAM
was found to be active in tests against 1L.1210 leukemia [3]
and Walker 256 carcinosarcoma [2,4,5]. It was also found
that CAM inhibits both DNA and RNA synthesis in mam-
malian cells. This attracted immediate interest in CAM as a
potential cancer chemotherapeutic agent. Its high antitumor
activity against a wide range of experimental tumors has been
confirmed [6]. The CAM was clinically evaluated as its
water-soluble sodium salt due to its poor aqueous solubility.
Several water-soluble CAM analogs were also synthesized
{71 and clinically evaluated [8]. However, only 9-, 10-, and
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11-substituted derivatives have shown anticancer activity in
a number of in vitro and in vivo studies [9-16]. The results
of preclinical and clinical developments of CAM and its ana-
logs have been reviewed in two recent reports [ 17,18].

In most studies reported so far, attention has been mainly
focused on the structure-activity relationship (SAR) of CAM
and its synthetic analogs. Burke et al., in a series of
publications, have reported the binding of the parent drug as
well as its analogs with human serum albumin and lipid
bilayers. These bindings were confirmed by exploiting the
fluorescence properties of CAM and its analogs [19-24].
However, to our knowledge, there has not been a report on
the detailed fluorescence spectral and photophysical studies
of these drugs except for a few scattered studies [ 1,19-24].
Therefore, we have undertaken a systematic study of the
electronic absorption and fluorescence spectral properties of
CAM and its analogs. Recently, we have reported the fluo-
rescence spectral behavior, and ground and excited-state pro-
ton-transfer properties of CAM in organic solvents and in
aqueous solutions [25,26]. Burke et al. [1] used the pH
sensitive fluorescence of ACAM to estimate its binding con-
stant with phospholipid vesicles. They reported that the flu-
orescence intensity of ACAM increases upon decrease of pH
as a result of protonation at the amine group. In such a case,
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Fig. 1. Structures of 9-amino-20 (5)-camptothecin (I) and 20 (§)-camp-
tothecin (II).

one would expect the resulting fluorescence spectrum to
resemble the fluorescence spectrum of the neutral form of
CAM in water. However, the spectrum reported in the paper
showed an emission band which is red-shifted relative to that
of the neutral CAM molecule. In order to understand the
spectral behavior of ACAM, we have studied in detail the
electronic absorption and fluorescence spectra of ACAM in
various environments. A report on the pH effect on absorption
and fluorescence spectra of the molecule will appear in a
separate publication. In the present work, we discuss the
effects of organic solvents on the fluorescence spectral behav-
ior and photophysical properties of 9-aminocamptothecin.

2. Experimental
2.1. Materials

The 9-amino-20 (5)-camptothecin (Lot # 94B10A) was
a gift from Pharmacia. The sample was 99.9% pure as
reported by Pharmacia and was used without further purifi-
cation. Spectroscopic grade cyclohexane (Aldrich), 1,4-
dioxane (Aldrich), tetrahydrofuran (Mallinckrodt), ethyl
acetate (Mallinckrodt), 1,2-dimethoxyethane (Aldrich),
dichloromethane (Aldrich), chloroform ( Aldrich), acetoni-
trile (Aldrich), dimethylformamide (Mallinckrodt), dimeth-
ylsulfoxide (Mallinckrodt), methanol (Aldrich), ethanol
(Aldrich), propanol (Mallinckrodt), butanol (Mallinck-
rodt), and ethylene glycol (Aldrich) were used as received.
Deionized distilled water was used for making aqueous
solutions.

2.2. Methods

A stock solution of ACAM ( ~ 1072>M) was made in 1,2-
dimethoxyethane. An aliquot of this solution was taken in a
flask and the solvent was evaporated to dryness by slow
purging of dry nitrogen gas. The appropriate solvent was then
added to make final solution. For quenching studies, dilute

solutions of ACAM (~10"* M) and quencher ( ~1 M)
were made in dioxane. Fluorescence quantum yields, &,
were determined according to the method of Parker and Rees
[27] in reference to quinine sulfate in 0.1 N H,SO,
(P;=0.545) [28,29]. The absorbance of the solutions
including quinine sulfate at the wavelength of excitation (360
nm) was maintained at <0.05. Theoretical calculations were
performed using the semiempirical AM1 method [30]. The
molecular geometry was preoptimized using Tripos SYBYL
5.2 forcefield before AM1 calculations.

2.3. Apparatus

The absorption spectra were measured on a double beam
Shimadzu UV-3101PC spectrophotometer equipped with a
constant temperature circulator. The fluorescence spectra
were measured on a Spex-Fluorolog model F2T211 spectro-
fluorometer equipped with a cell compartment thermostated
with a VWR model 1160 constant temperature circulator.
The band pass of the excitation and emission monochroma-
tors were set at 5 and 3.4 nm, respectively. Fluorescence
lifetimes were measured on a PTI LS-100 luminescence spec-
trometer. The 358 nm emission of N, was used for sample
excitation. The decay curves were obtained by use of the time
correlated single photon counting (TC-SPC) technique. The
data were analyzed by using a multiexponential decay anal-
ysis program. All measurements were conducted at 25°C
unless otherwise mentioned.

3. Results
3.1. Absorption spectra

The absorption spectra of ACAM were measured in a series
of organic solvents. The spectral data appear in Table 1. A
representative absorption spectrum of the molecule in ace-
tonitrile is depicted in Fig. 2. For comparison purposes, the
absorption spectrum of the parent drug in the same solvent
has also been included in the figure. The absorption spectrum
of ACAM is very similar to that of CAM, except the short-
wavelength band is red-shifted relative to the corresponding
band of the latter. Also, anew band (A, ~ 335 nm) appears
on the higher energy side of the long-wavelength band. Upon
protonation at the amine group the band disappears and the
resulting absorption spectrum (not shown here) resembles
that of CAM [26]. The lowest energy absorption bands of
ACAM are relatively insensitive to solvent polarity. How-
ever, in protic solvents, the long-wavelength absorption
bands are slightly red-shifted.

3.2. Steady-state fluorescence measurements
The fluorescence spectra of ACAM in some selected

aprotic and protic solvents are displayed in Figs. 3 and 4,
respectively. The most notable feature of the fluorescence
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Table 1

Solvent polarity parameters (F(g,n) ), absorption and fluorescence maxima [ A, (abs) and A, (flu), respectively], fluorescence quantum yields ( &) and
lifetimes (7;) of ACAM in organic solvents

No. Solvent F(en)* Amax (abs) (nm) Amax (flu) (nm) & (+£0.001) 7° (£0.2ns)

1 Cyclohexane 0.000 365 480 - -
338 424
263

2 1,4-Dioxane 0.021 365 533 0.129 15.5
337 428 (3.8,0.8)
263

3 Ethyl acetate 0.200 363 525 0.035 7.6
338 426 (45,2.2)

4 1,2-Dimethoxyethane 0.215 364 540 0.040 68,44
335 427 (35,1.3)
262

5 Acetone 0.285 363 547 0.029 11.6,3.7, 1.6
337 428 (4.0,1.0)

6 Dimethylformamide 0.275 365 547 0.015 84,26
339 431 (7.2,13)

7 Dimethylsulfoxide 0.264 361 561 0.008 5.6,1.7
343 434 (6.4,1.7)

8 Acetonitrile 0.306 362 552 0.022 102,29
335 427 (54,14)
262

9 Propylene carbonate - 367 542 0.024 8.7,19
335 429 (6.4,1.9)
262

10 n-Butylchloride 0.210 365 530 0.82 14.0
332 425 (3.5,0.7)
262

1t Chloroform 0.149 363 521 0.400 16.9
335 426 (3.4,08)
263

12 Dichloromethane 0.218 363 533 0.114 17.9
335 427 (4.7,2.6)
262

13 Tetrahydrofuran 0.210 364 536 - 6.5
335 428 (4.1, L.1)

14 Methanol 0.309 367 432 0.003 69,43,10
338
265

15 Ethanol 0.289 369 553(s) 0.004 7.2,09
338 462 (84,42,1.0)
265 433

16 n-Propanol 0.275 367 550(s) 0.004 86,14
360 471 (4.2,09)
337 436
263

17 n-Butanol 0.264 369 547 0.006 9.7,2.3
335 476 (4.0, 1.5)
263 434

18 Ethylene glycol 0.275 372 550(s) 0.003 72,12
336 434 (5.6,3.0)
264

19 Water (pH 5.2) 0.320 366 434 0.004 4.7
337
265

*The values were calculated using £ and 7 values of the respective solvents obtained from Ref. [31].
®The values within the parentheses represent fluorescence decay times corresponding to short-wavelength emission band.

spectra of ACAM is that a large Stokes-shifted band exists in solvent dependent. In particular, the long-wavelength (LW)
addition to a short-wavelength (SW) band in the solvents emission is absent in water. The feature and the position of
employed. Note that the fluorescence spectral profiles are the SW band is very similar to that of CAM in the same
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Fig. 2. Absorption spectra of ACAM and CAM in acetonitrile.
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Fig. 3. Fluorescence spectra of ACAM in aprotic organic solvents: (1)
cyclohexane, (2) 1,4-dioxane, (3) dichloromethane, (4) 1,2-dimethoxy-
ethane, (5) ethyl acetate, (6) acetonitrile, (7) dimethylsulfoxide.

solvent [25]. The fluorescence excitation spectra (Fig. 5) of
the respective emission bands of ACAM measured in aceton-
itrile solvent are different from each other. The excitation
spectrum comresponding to the LW band resembles the
absorption spectrum of ACAM. However, the excitation
spectrum for the SW band resembles the absorption spectrum
of the parent drug, CAM. Also, the fluorescence excitation
spectra (not shown here) measured at different emission
wavelengths of the SW band of ACAM in water, in which
the LW band is absent, are similar to each other and closely
resemble the absorption spectrum of CAM in water.
Although the lowest energy absorption bands of ACAM
are insensitive to solvent polarity, the fluorescence spectra
are highly solvatochromic. This is noted in Fig. 3 where the
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Fig. 4. Fluorescence spectra of ACAM in protic solvents: (1) n-butanol,
(2) n-propanol, (3) methanol, (4) water.
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Fig. 5. Fluorescence excitation spectra of ACAM in acetonitrile.

fluorescence spectra in aprotic solvents varies with polarity.
The data in Table 1 indicate that the emission maximum of
the LW band shifts to the red with an increase in solvent
polarity. The polarity-dependent shift of the emission maxi-
mum can be seen in Fig. 6, which shows the fluorescence
spectra of ACAM in dioxane containing various concentra-
tions of acetonitile (ACN). Clearly, as the % of acetonitrile
increases, the fluorescence intensity of the LW band is
observed to decrease and is accompanied by a large red shift
of the band maximum. A plot of A, as a function of con-
centration of acetonitrile is shown in Fig. 7. The relevant data
are listed in Table 2. The solvatochromic shifts in pure sol-
vents have been correlated with the solvent polarity param-
eter, F(gn) [31] following the Lippert—-Mataga equation
{id[ef,33]:
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Fig. 6. Fluorescence spectra of ACAM in dioxane containing various %
(v/v) of acetonitrile.
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Fig. 7. Plot of emission maxima of ACAM (A,,,) as a function of %
(v/v) acetonitrile; (insert) plot of fluorescence lifetime () vs. % (v/v)
acetonitrile.
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where (u*—p) is the difference between the excited and
ground-state dipole moments, ‘a’ is the Onsager cavity
radius, £ and ‘n’ are the dielectric constant and refractive
index of the solvent, respectively. Fig. 8 shows a plot of
Stokes shifts (A, in cm™!) of the LW band in neat organic
solvents against the solvent polarity function. The Stokes
shifts correlate linearly with the polarity parameter, except

Table 2
Fluorescence maxima (A,,,) and lifetimes ( ;) of ACAM in dioxane con-
taining various % (v/v) of acetonitrile

% (v/v) Acetonitrile Amax (nM) 7 (ns)
0.0 534 16.0
2.5 539 12.2
5.0 545 10.2
75 550 8.9

10 554 7.7

20 559 49

30 565 4.4

40 569 32

50 571 -

60 573 -

70 574 -

80 576 -

90 578 -
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Fig. 8. Plot of Stokes shift (Ay,) vs. polarity parameter F(&,n); the data
points corresponding to dioxane and dimethylsulfoxide solvents were not
included in the curve fitting.

for solvents, e.g., dioxane (2) and dimethylsulfoxide (7).
The slope of the plot suggests a large change in dipole
moment of the molecule upon electronic excitation and hence
a strong CT character of the emitting state. The dipole
moment of the molecule in the excited state can be obtained
from the slope (9232 cm_:) of the Lippert-Mataga plot.
Assuming a equal to 6.38 A (which is estimated from the
optimized distance (12.76 A) between two farthest atoms of
the molecule in the direction of charge separation), we
obtained Ay (=p*—u) equal to 15 D. The ground-state
dipole moment (u) of the molecule obtained from AMI1
calculation is 7.09 D which is consistent with the calculated
ground-state dipole moment of CAM (7.1 D) {34]. From
the calculated ground-state dipole moment value, the excited-
state dipole moment ( u*) of ACAM was obtained as equal
to 22.09 D. This is however, much higher than the calculated
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dipole moment (13.89 D) for the S, state. This large differ-
ence is probably due to the overestimation of a, the ‘Onsager
cavity radius’.

In protic solvents, the intensity of the LW emission
decreases as the hydrogen bond-donating capacity of the sol-
vent increases in going from butanol to water (see Fig. 4).
In fact, the LW band completely disappears in water. To
examine the effects of hydrogen-bonding interaction with the
solvent molecules, we have measured fluorescence spectra of
ACAM in dioxane solvent in the presence of low concentra-
tions of methanol, water, and trifiuoroethanol (TFE). Fig. 9
displays the fluorescence spectra of ACAM in dioxane in the
presence of various concentrations of water. As noted, the
fluorescence intensity of the LW emission band decreases as
the water concentration increased. The decreased fluores-
cence intensity is also accompanied by a red shift of the
emission maximum. The fluorescence spectrum shifts to
longer wavelength by 16 nm in the presence of 0.5 M water
in dioxane. Similar spectral changes were also observed upon
addition of methanol and TFE. The emission maxima are
listed in Table 3. The Stern—Volmer (S-V) plots for the
steady-state fluorescence quenching of ACAM are shown in
Fig. 10. The plots, except for water are linear. The S~V
constant for TFE (8.98 M™") is higher than that for water
(3.82 M~ ') and methanol (2.75 M™"). The nonlinearity of
the S—V plot for water in Fig. 10 may be due to the effect of
solvent polarity on the fluorescence intensity as discussed in
the preceding paragraph.

The fluorescence quantum yield data are listed in Table 1.
As seen, the & value decreases with an increase in dielectric
constant and hydrogen-bonding capacity of the solvent.
Although the polarity of dioxane is lower than the chlorinated
hydrocarbons, the @; values in the latter solvents are higher
than that in the former. The polarity-dependent variation of
fluorescence quantum yield is demonstrated in Fig. 6 which
displays fluorescence spectra in dioxane containing various
% of acetonitrile.

12

Water 1

Relative Intensity (arb. unit)

Wavelength (nm)

Fig. 9. Fluorescence spectra of ACAM in 1,4-dioxane in the presence of
various concentrations of water.

Table 3
Fluorescence maxima (A,,x) and lifetimes ( 77) of ACAM in dioxane con-

taining varying concentration of methanol (MeOH), water, and 2,2, 2-tri-
fluoroethanol ( TFE)

[Q1/M MeOH Water TFE
Ama.v( Te An'mx Te /\max T
(nm) (ns) (nm) (ns) (nm) (ns)
0.0 553 15 534 15.1 533 15.0
0.05 536 12.6 535 12,5 536 10.8
0.10 537 10.2 538 10.9 538 75
0.15 537 8.5 540 9.5 539 6.4
0.20 539 7.1 541 85 542 54
0.25 549 6.4 543 8.0 544 4.7
0.30 541 545 7.2 546 43
0.35 543 546 6.7 547 34
0.40 544 546 5.8 548 32
0.45 544 548 55 550 3.0
6.0
5.0
4.0
4
S 3.0
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20t
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Fig. 10. Stern—Volmer plots for the steady-state fluorescence quenching of
ACAM in dioxane by methanol (MeOH), water, and 2,2,2-triflucroethanol
(TFE).

3.3. Time-resolved fluorescence studies

The fluorescence lifetimes of ACAM have been measured
in organic solvents employed in this study. The decay meas-
urements were monitored at both SW (420 nm) and LW
(550 nm) emission bands. The resulting fluorescence life-
time, 7, values appear in Table 1. The fluorescence decays at
550 nm are single exponential in aprotic and less polar sol-
vents. However, the decays are biexponential in more polar
and protic solvents. The fluorescence decays measured at the
SW band are biexponential in all solvents used in this study.
Of these, the ¢ value of the long-lived component corre-
sponds to the lifetime of the parent drug, CAM. The 7; values
in nonpolar solvents, e.g., in dioxane, dichloromethane, and
chloroform are very high. The data show that the 7; value
decreases in parallel with the @; with an increase in solvent
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Fig. 11. Stern-Volmer plots for the time-resolved fluorescence quenching
data of ACAM in dioxane by methanol (MeOH), water, and 2,2,2-trifluo-
roethanol (TFE).
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Fig. 12. Plot of Stern—Volmer constants (Ksy) as a function hydrogen-bond-
donor acidity (a); (insert) list of a and Ky values for different quenchers.

Table 4

polarity and hydrogen-bonding capacity. To demonstrate the
effect of solvent polarity, we have measured fluorescence
decays of the LW emission in dioxane solvent containing
various % (v/v) of acetonitrile. The data included in Table
2 clearly indicate a nonlinear (Fig. 7 (insert) ) decrease of 7;
as the acetonitrile content of dioxane (i.e., polarity of the
solvent) increases.

To examine the influence of hydrogen-bonding interaction
with protic solvents in the excited state corresponding to the
LW emission, we have measured fluorescence lifetimes ( ¢)
of ACAM in dioxane in the presence of various concentra-
tions of methanol, water, and TFE. A decrease in 7; value can
be observed from the data presented in Table 3 in the presence
of increasing amounts of all three quenchers. The S—V plots
constructed by use of the lifetime data are shown in Fig. 11.
The Stern—Volmer constants (Kgy,) obtained from the plots
in Fig. 11 are almost identical within the experimental error
with those obtained from the steady-state measurements ( Fig.
10). The Ky values are plotted against the hydrogen-bond-
donor acidity (a) [35] of the quenchers in Fig. 12. The «
values and the respective quenching constants are also
included in this figure. The plot shows a linear correlation
between the Kgv and « values.

3.4. Theoretical calculations

The quantum chemical molecular orbital (MO) calcula-
tions were performed for ACAM using the semiempirical
AM1 method [36] to calculate the electronic spectra and
dipole moments of the ground as well as excited states of the
molecules. To compare the results, we have also done similar
calculations for CAM. The molecular geometry was preop-
timized first using MM + force field' [37] and then by AMI1
method before MO calculations were performed. A total of
nineteen configurations involving three occupied and three
unoccupied MOs were used for the calculations. The results
are summarized in Table 4. The excitation energies are in
good agreement with the corresponding experimental values.
Interestingly, the ~NH, substitution at the 9-position of CAM

! This is an extension of Allinger’s MM2 force field. It uses the latest MM2
(1991) parameters and atom types with the 1977 functional form.

Calculated electronic excitation energy, oscillator strength and state dipole moments of CAM and ACAM

CAM ACAM

Transition Excitation energy Oscillator State dipole Transition Excitation energy Oscillator State dipole
(nm) strength moment (D) (nm) strength moment (D)

S, 7.100 S, 7.089

S,—S,; 359.3 0.6808 7.873 S.—S, 356.6 0.5955 7.958

S,—S, 326.1 0.0112 9.609 S.—S, 341.8 0.0313 13.883

5,78 3123 0.0955 9.473 S,—S; 339.1 0.2895 11.766

S,—S, 238.7 0.6558 3.192 S,— S, 2474 0.7412 5474

S,—Ss 232.8 0.5504 5.619 So—Ss 2429 0.6949 6.477

S, S¢ 223.4 0.7076 6.943 S,— 86 227.2 0.1618 4.326
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does not change the position of the lowest energy transition.
However, the short-wavelength transitions are shifted to
longer wavelengths. This is consistent with the experimental
observation. The ground state dipole moments of both mol-
ecules are equal and are consistent with the reported value of
CAM [34]. The results show that the dipole moment of the
S, state of ACAM is almost equal to that of the ground state.
However, the dipole moments of the S, ('L,) and S, states
of ACAM are much higher as compared to those of CAM.

4. Discussion
4.1. Nature of the electronic states of ACAM

It has been shown that the replacement of a ring carbon by
a nitrogen atom has little or no effect on the m-electronic
energy levels of naphthalene [ 38,39]. That is, the absorption
spectral characteristics of quinoline are closely related to that
of naphthalene, the long-wavelength band of which consists
of 'L, and 'L, transitions. In naphthalene or quinoline, the
energy gap between the transitions is ~3400cm™~'. In CAM,
due to extended conjugation of the quinoline ring, the four
rings (rings A-D) are planar in the molecule. This results in
a red shift of the 'L, transition with respect to that of quin-
oline [40-43} without significantly affecting the 'L, tran-
sition and thus increases the energy gap between the 'L, and
'L, states. The -NH, substitution at the 1- or 5-position of
naphthalene and quinoline ring respectively causes mixing
of the 'L, and 'L, states of naphthalene and the transition
involving the lone-pair electrons on the amine nitrogen, des-
ignated 1 — 7* by Kasha and Rawls [44]. As a result, the
lowest energy excited states of 1-aminonaphthalene [45,46]
and 5-aminoquinoline [47-50] have CT character. Theoret-
ical calculations have also predicted that the lowest energy
excited states of aminonaphthalenes have significant CT char-
acter; this is particularly true for the S, ('L,) state of 1-
aminonaphthalene [45,46]. Because of the difference in
electron distribution in the two excited states, a substituent at
the 1-position of naphthalene will interact more effectively
with the ! L, excited state than the ' L, state. This interaction
results in a smaller energy separation between the 'L, and
'L, states compared to that in naphthalene, with 'L, still
remaining as the lowest excited state [51,52]. In 5-amino-
quinoline, the energy gap is expected to be lower as compared
to l-aminonaphthalene (1400 c¢cm™') because of the
enhanced degree of charge transfer from the amine group to
the aromatic ring. The same is also true in the case of ACAM.
Thus, the absorption band at ~335 nm which is far red-
shifted compared to that of CAM (~290 nm) can be
assigned to the 'L, transition. Due to symmetry forbidden-
ness, the intensity of the ' L, transition is very weak in CAM.
The disappearance of the band upon protonation at the -NH,
group clearly suggests that the transition involved is CT in
nature. The large red shift of the short-wave transition in
ACAM, relative to that of CAM, suggests that the molecular

orbitals involved in the transition are localized in the benzene
ring and the transition is polarized along the short axis of the
molecule. The red shift of the LW absorption bands in protic
solvents is due to the hydrogen-bonding interaction of the
solvent molecules with the lone-pair electrons on the ring
nitrogen. This suggests that the ' L, transition is 77— 7r* type.

4.2. Dual fluorescence

The dissimilarity between the fluorescence excitation spec-
tra corresponding to the SW and LW emission bands suggests
the presence of a trace amount of CAM as impurity in the
sample. This is also indicated by the 7 value of the long-lived
decay component of the SW fluorescence which is similar to
that reported for CAM in the literature [25]. However, the
level of impurity seems to be very low. The appearance of
the CAM emission is only due to its very high fluorescence
quantum yield ( >0.5) [25] compared to ACAM. Thus, the
appearance of this small impurity fluorescence does not affect
the results of this study, except for the &; values in more
polar and protic solvents where the LW fluorescence is weak
as compared to the SW fluorescence. In nonpolar solvents
(e.g., dioxane, chloroform, etc.), since the fluorescence
intensity of the LW band is much higher relative to the SW
band, this does not introduce more than 10% error in the
measured @; values of ACAM. In more polar and protic
solvents, the error in the @ values might be as large as 50%.
However, a relative trend can be observed in the @ values of
ACAM in various solvents.

Although the SW emission is mainly due to presence of
CAM as impurity, the possibility of the appearance of a sec-
ond emission band at short-wavelengths originating from
locally excited 'L, state (LE) of ACAM can not be ruled
out. The position of the emission maximum of SW band of
ACAM is expected to be red-shifted relative to that of CAM.
In fact, this is indicated by the fluorescence spectral profile
in cyclohexane solvent. The existence of a short-lived decay
component corresponding to the SW emission may also sug-
gest the presence of a SW fluorescence originating from the
LE state of the molecule. Also, in aqueous solution, a new
emission band rises at low pH (2.0) upon protonation at the
—~NH, group. This band is red-shifted (A, =465 nm) rela-
tive to that of the neutral form of CAM (A, =428 nm) in
the same solvent [53]. Usually, in aromatic amines such as
aminonaphthalenes, the protonation at the amine group
causes both absorption and fluorescence spectra to shift
toward higher energy. The resulting spectra resemble the
corresponding spectrum of the parent hydrocarbon. There-
fore, the new SW fluorescence band can be associated with
the emission originating from the LE state of the protonated
species (monocation) ACAM. In neutral solvents, the emis-
sion from the LE state of ACAM seems to be very weak in
intensity as compared to the LW band and therefore, it is lost
under the strong impurity fluorescence due to CAM. It seems
that the molecule is initially excited to the ! L, state and then
partially depopulated via internal conversion to the ' L, state,



J. Dey, LM. Warner / Journal of Photochemistry and Photobiology A: Chemistry 116 (1998) 27-37 35

thus giving rise to dual emissions. This explains the low 7;
value of the emission from the LE state as compared to that
of CAM. The absence of the short-lived decay component
corresponding to the SW band in water suggests that in strong
hydrogen-bonding solvents such as water, the SW fluores-
cence of ACAM is completely quenched by the solvent mol-
ecules. This is probably due to the filuorophore-solvent
specific interactions involving intermolecular hydrogen
bonding. This has been discussed further below.

4.3. Charge-transfer fluorescence and solvent effects

The solvent dependence of the fluorescence spectra of
ACAM can be explained in light of the above discussion. The
large red shift as well as quenching of the LW fluorescence
band in polar solvents suggests that the emitting state is CT
type. This is indicted by the large increase in dipole moment
(Ap=15 D) upon excitation. As originally suggested for
aminonaphthalenes by Mataga [45] and Suzuki et al. [46],
the increase in dipole moment is caused by a change in the
electronic configuration of the amino group from tetrahedral
(sp®) in S, to trigonal (sp*) in the equilibrium excited state,
S,. The theoretical calculations in Ref. [45] suggest that an
excited-state reorganization of the amino group, from the
pyramidal to the trigonal structure would increase the CT
character primarily of the S, ('L,) state. Such a relatively
minor reorganization resulting in a more polar excited state,
could be stabilized by small-amplitude motions in the host
solvent, and may thus explain the red shift in the fluorescence
spectrum that is observed in cyclohexane, where solute~sol-
vent relaxation (SSR) is restricted. It can be noted that a
substantial part of the red shift observed for ACAM in ace-
tonitrile at room temperature is also observable in cyclohex-
ane (A, =480nm) where SSR is absent. This suggests that
the emitting state is a CT state arising from electronic reor-
ganization. According to the discussion in the preceding par-
agraph, the 'L, state of ACAM will be more polar than 'L,
state. Therefore, in polar solvent, the major polar interaction
involves the 'L, state and thus have lower energy than the
'L, state. Since the so-called 'L, transition is no longer a
strong 7r— 7* transition, the large amount of CT character
reduces its transition moment (M), the magnitude of which
increases with solvent polarity after the inversion. Also, low-
ering of energy of the 'L, state in polar solvents decreases
the singlet—triplet (S-T) energy gap, thus increasing the
probability of intersystem crossing. This explains the
decrease of fluorescence quantum yield and lifetime upon
increase of solvent polarity.

4.4. Fluorescence quenching

In our recent report on fluorescence properties of CAM in
organic solvents, we have demonstrated that the fluorescence
intensity of the drug in tetrahydrofuran increases upon addi-
tion of water as a result of hydrogen-bonding interaction with
the lone-pair electrons on the ring nitrogen [25]. However,

in contrast to CAM, we have noted a decrease of intensity of
the LW emission in the case of ACAM. This may be attributed
to the difference in the nature of the emitting states of the
molecules in question. The linearity of the S—V plots (Fig.
10, Fig. 11) clearly suggests that the quenching of CT fluo-
rescence in the presence of protic solvents is due dynamic
(collisional) interactions between the fluorophore and the
quencher molecules. As suggested by the data in Fig. 12 the
quenching of the CT fluorescence of ACAM is linearly
related to the hydrogen-bonding strength of the solvent.
Although the hydrogen-bonding interactions with the -C=0
groups of the pyridone and lactone rings can not be ruled out,
such interactions seem to have no significant effect on the
fluorescence properties of ACAM as no fluorescence quench-
ing was observed in the case of the parent drug, CAM in
hydrogen-bonding solvents. Therefore, the quenching of CT
fluorescence must involve the exocyclic amine and ring nitro-
gen atoms. In the case of CAM, the hydrogen-bonding inter-
action of solvent molecules with the quinoline nitrogen
destabilizes the closely spaced higher energy '(n,7*) state,
thereby decreasing the S—T interaction and thus increasing
fluorescence quantum yield [25]. However, suchinteractions
facilitate the charge transfer from the -NH, group to the
partially positively charged hydrogen-bonded ring nitrogen
of ACAM which stabilizes the CT state as indicated by the
red shift of the spectrum in the presence of hydrogen-bonding
solvents (see Table 3). This results in a stronger S-T inter-
action and hence a decrease of fluorescence quantum yield.
In the case of ACAM, a second type of hydrogen-bonding
interaction, where the amino lone-pair acts as the donor is
also possible. Usually, the hydrogen-bonding interactions of
the solvent molecules with the —-NH, group of aromatic
amines enhances molecular fluorescence as a result of desta-
bilization of the CT state thus reducing the CT character of
the emitting Y(mr,m*) state. For the same reason, the fluores-
cence emission from the CT state is quenched in protic sol-
vents. The fluorescence quenching of ACAM in
hydrogen-bonding solvents can also be explained using the
same principles. Thus, both types of hydrogen-bonding inter-
actions cause fluorescence quenching of ACAM in protic
solvents. However, the hydrogen-bonding interaction of the
solvent molecules with the -NH, group is expected to be
weaker in the excited state than in the ground state [ 54]. This
is because the -NH, group and the ring nitrogen atom of
aromatic heterocyclics are respectively known to become less
and more basic in the excited state [55]. Therefore, the ring
nitrogen forms stronger hydrogen bonds with hydrogen-
bonding solvents in the excited state as compared to the —
NH, group. The disappearance of the SW emission of ACAM
in neutral water clearly suggests that strong hydrogen-bond-
ing interaction of the water molecules with the quinoline lone-
pair electrons quenches the SW fluorescence of ACAM.
Thus, the quenching of the CT fluorescence of ACAM
involves hydrogen-bonding interactions at both nitrogen cen-
ters whereas the quenching of the SW emission is due only
to the hydrogen-bonding interaction with the ring nitrogen.
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It is interesting to note that in contrast to CAM the hydrogen-
bonding interaction with the ring nitrogen quenches the flu-
orescence from the LE state of ACAM.

5. Conclusions

The introduction of the -NH, group at the 9-position of
CAM dramatically changes the absorption and fluorescence
behavior of the parent drug. This has been utilized to locate
the position of the 'L, band ( ~335 nm) in the absorption
spectrum of ACAM. The fluorescence spectrum of ACAM
exhibits dual emission bands originating from both 'L, and
'L, states. The solvent effects suggest that the emitting state
corresponding to the LW emission of ACAM is CT in nature.
The CT state is formed after excitation that is stabilized by
intramolecular reorganization and polar solute—solventrelax-
ation about the initially excited ' L, state. This involves sol-
ute—solvent dipole~dipole reorientation of the polar solvent
molecules about the increased (relative to the ground state)
dipole moment of the excited 'L, state. The spectroscopic
evidence suggests that the appropriate label for this new state
is 'L ,/CT. The electronic excitation of the molecule to the
CT state involves a large increase in dipole moment. The
results of AM1 calculations also suggest that the S, state
which is the emitting state of the molecule has a large dipole
moment. The quenching of the CT emission of ACAM in
hydrogen-bond donor solvents is due to dynamic intermole-
cular hydrogen-bonding interactions between the solvent
molecules and the lone-pair-electrons on the amine as well
as quinoline nitrogens of the excited molecule. The quench-
ing efficiency increases as the hydrogen-bond-donating
capacity of the quencher increases. The solvent sensitive
spectral properties of ACAM can be utilized as probes of
biological systems to draw conclusions about the site that the
probe molecule occupies.
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