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Abstract

Steady-state, time-resolved fluorescence and Molecular Mechanics techniques have been used to study the com-
plexation of 1-methyl naphthalenecarboxylate with three naturally occurring cyclodextrins (CDs). Emission spectra
of 1MN show two overlapping electronic bands. The stoichiometry, the formation constants of the complexes and
the thermodynamics parameters upon inclusion were obtained from the change of intensity ratios R of the maxima
of both bands and Æsæ with [CD] and temperature. As with the 2-methyl naphthalenecarboxylate (2MN) guest, 1:1
stoichiometries were obtained for all complexes. The formation constants, however, were relatively low compared to
those obtained for 2MN. Geometry of the complexes from Molecular Mechanics in the presence of water agrees
with the experimental stoichiometry of the complexes and the signs of enthalpy and entropy changes. Quenching, R
at [CD] fi ¥ and fluorescence depolarization measurements also support the proposed structures. As with 2MN the
inclusion is mostly dominated by van der Waals interactions.

Introduction

Cyclodextrins (CDs) are torus-like macrorings which
have a relatively non-polar inner cavity and two
hydrophilic rims at both entrances. CDs are capable of
forming non-covalent binding inclusion complexes of
different stoichiometry and stabilities with low and high
molecular weight guests [1–5]. The microviscosity and
polarity of the medium surrounding the guest when it
penetrates inside the hydrophobic CD cavity change
with respect to the free guest in water. This complexa-
tion subsequently affects the fluorescence properties of
the guest. Stoichiometry, binding constants, thermody-
namics parameters accompanying the association and
structural information about the geometry of the com-
plexes can be obtained from the change of some fluo-
rescence properties upon complexation. Emission
intensity [6–13], excimer formation [14–18], fluorescence
depolarization [13, 19–22], the relative intensity of some
bands [20, 21, 23–28] and the decay of fluorescence [6,
20, 21, 28–30] are some of these properties. These
experimental aspects together with Molecular Modelling
[21, 27, 28, 31–33] contribute to clarifying the com-
plexation mechanism and to learning more about the
driving forces involved in such processes.

Steady-state fluorescence [34, 35] and Molecular
Mechanics calculations [31, 35] were employed to study
the complexation of 2-methyl naphthalenecarboxylate
(2MN) with the three naturally occurring CDs. More
recently additional fluorescence techniques, including
time-resolved fluorescence, have also been used [20].
2MN fluorescence spectra exhibited two electronic
emission bands whose intensity ratio R was sensitive to
medium polarity. The analysis of the variation of R with
[CD] and temperature reveals identical (1:1) stoichiome-
try for any of the CD complexes at any temperature. The
formation constants at 25 �C were similar for 2MN:aCD
and 2MN:cCD (�200 M)1) and ten times larger for
2MN:bCD (�2000 M)1). Linear van’t Hoff plots
reveal DH0 < 0, but |DH0

MN:aCD|> |DH0
MN:bCD|> |

DH0
MN:cCD|. DS0 values and signs, however, depend on

the CD used, DS0
MN:bCD�DS0

MN:cCD>0 but
DS0

MN:aCD<0. Molecular Mechanics (MM) [31, 35] on
2MN inclusion indicates that 2MN completely penetrates
the bCD and cCD cavities, but makes only a slight pen-
etration in the cavity of the aCD. The van derWaals non-
bonded host-guest interactions were the main forces of
complexation. Both, the most probable structures of the
complexes and the type of forces responsible for com-
plexation, account for the values and signs of DH0 and
DS0. Fluorescence anisotropy, quenching experiments,
average lifetimes Æsæ and R¥ (R at [CD] fi ¥), which is a* Author for correspondence. E-mail: francisco.mendicuti@uah.es
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way to estimate the effective dielectric constant sur-
rounding the guest in the complex, were mostly in
agreement with the thermodynamic parameters and the
geometry proposed.

In this paper several steady-state and time-resolved
fluorescence techniques are employed to study the
complexation with a-, b- and cCDs of the 1-methyl
naphthalenecarboxylate (1MN), a bulkier 2MN isomer.
Stoichiometries, binding constants and the thermody-
namics parameters upon complexation were obtained.
The combination of fluorescence polarization, quench-
ing, lifetime measurements and the Molecular Mechan-
ics (MM) calculations was used to interpret the changes
of enthalpy and entropy upon complexation, which are
related to the geometry and the driving forces respon-
sible for the formation of such complexes. Results were
compared with those obtained for 2MN.

Materials and methods

Sample preparation

1MN was synthesized and purified as described else-
where [36]. Karl-Fisher analysis reveals a 9.2%, 11.1%
and 10.4% water content by mass for aCD, bCD and
cCD respectively (Aldrich). Solvents employed were n-
alcohols H(CH2)nOH, from n = 1–7, ethylene glycol
(Aldrich spectrophotometric grade or purity>98%)
and deionized water (milli-Q). 1MN/CD water solutions
were prepared by weight in their own quartz cells from a
1MN saturated (�10)5–10)6 M) aqueous solution fil-
tered through cellulose filters (Millipore, 0.45 lm B).
The content of the cells was stirred for 48 hours before
measuring. a-, b- and cCDs concentrations were in the
0–51.8, 0–11.8 and 0–25.4 mM ranges respectively.
[1MN] was kept constant in all experiments.

Fluorescence

Steady-state fluorescence and time-resolved measure-
ments were performed by using a SLM 8100 AMINCO
and a TCSPC FL900 Edinburgh Instruments spectroflu-
orimeters. Characteristics and measurement conditions
were described previously [21]. The thyratron-gated lamp
was filledwith hydrogen.Data acquisitionwas carried out
by using 1024 channels with a time window width of
200 ns and a total of 10,000 counts at the maximum. All
measurements were performed in the temperature range
from 5 to 45 �C at 10 �C intervals (Huber Ministat and
Techne TE-8A). Decay intensity profiles were fitted to a
sum of exponential decay functions by the iterative
reconvolution method [37].

The average lifetime of a multiple-exponential decay
function was then defined as

sh i ¼

Pn

i¼1
Ais2i

Pn

i¼1
Aisi

ð1Þ

where Ai is the pre-exponential factor of the component
with a lifetime si of the multi-exponential function
intensity decay.

The fractional contribution fi of each decay time to
the steady-state intensity at the wavelength of observa-
tion, is given by [38]

fi ¼
AisiP

i¼1
Aisi
¼ IiP

i¼1
Ii

ð2Þ

On the other hand, the intensity weighted average life-
time< s>from a dilute solution of a pair of emitting
species, 1 and 2, that do not interact during the excited-
state lifetime can be obtained as

sh i ¼ f1s1 þ f2s2 ð3Þ

From the fluorescence depolarization measurements,
the anisotropy r is defined as [39]:

r ¼ IVV � GIVHð Þ= IVV þ 2GIVHð Þ ð4Þ

where Ixy is the intensity of the emission that is
measured when the excitation polarizer is in position x
(V for vertical, H for horizontal), the emission
polarizer is in position y, and the G factor (= IHV/
IHH) corrects for any depolarization produced by the
optical system.

For a single excited species which is dynamically
quenched with Q, the ratio of fluorescence intensity
(area under spectrum), F or lifetime s in the pres-
ence of Q and in its absence (Fq¼0 or sq = 0) are
related to [Q] by the Stern-Volmer equation. The
slope of linear Stern-Volmer plots provides the
quenching constant KSV, which is also related to a
bimolecular quenching constant kq and lifetime in
the absence of quencher sq = 0. Stern-Volmer F

�
Fq¼0

vs. [Q] plots are usually non-linear. Curves can be
analyzed by using the quenching-sphere-
action model [40]. Stern-Volmer equation is then
modified as,

Fq¼0
F
¼ 1þ KSV½Q�f g exp vN½Q�=1000ð Þ ð5Þ

where v (cm3) is the volume of quencher sphere ac-
tion, N Avogrado’s number and KSV is obtained from
linear representations of s/sq=0 (or <s>/<s>q=0 )
vs. [Q].

For heterogeneous systems like the free and the
complexed guest, the quenching parameters can be ob-
tained by modifying the lifetime linear Stern-Volmer
equation as

sh i
sh iq¼0

¼ tf

1þ KSV;f Q½ �
� �þ tc

1þ KSV;c Q½ �
� � ð6Þ

and Equation (5) as
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F

Fq¼0
¼ ff

1þ KSV; f½Q�
� �

exp vfN½Q�=1000
� �

þ fc

1þ KSV;c½Q�
� �

exp vcN½Q�=1000ð Þ
ð7Þ

where the tf and tc fractions are the contributions to
Æsæq=0 due to the free and complexed guest in the ab-
sence of the quencher; ff and fc are the fraction of total
fluorescence, already defined, due to both species. If the
quencher does not modify the equilibrium for the for-
mation of the complex, ff , fc, tf and tc are related by:

ff ¼
sh iq¼0 � sc;q¼0
sf;q¼0 � sc;q¼0

fc ¼ 1� ff

tf ¼
ffsf;q¼0
sh iq¼0

tc ¼ 1� tf

ð8Þ

Both equations are derived from Equation (3). KSV, f, vf ,
KSV,c and vc are the Stern-Volmer constants and volume
of the sphere action for both species.

These parameters were obtained for each system as
follows: KSV, f by fitting the time-resolved data of 1MN
in the absence of CD to the linear Stern-Volmer equa-
tion; KSV,c for each system by adjusting the time-re-
solved data to Equation (6) by fixing KSV, f; the volume
vf from the experimental steady-state data in the absence
of CD by fitting them to Equation (5) by fixing KSV, f; vc
from the experimental steady-state data in the absence
of CD by fitting them to Equation (7) and by fixing
other parameters calculated in the previous steps; and
kq;f and kq;c from KSV;f, KSV;c, sf;q¼0 and sc;q¼0.

Molecular mechanics details

MM calculations were performed with Sybyl 6.9 [41]
and the Tripos Force Field [42] in the presence of water.
Characteristics of these calculations and methods were
similar to those described previously [21, 27, 28, 31, 35].
Guest charges were obtained by MOPAC (AM1) [43].
The initial structure of 1MN, depicted in Figure 1, was
the most stable after performing a search by changing
the torsional angle around the rotational ester bond.

For this conformation (one of four local minima) the
ester group and the aromatic ring planes angle is 40�.
Binding energy, Ebinding (or any non-bonded energy
interaction) between 1MN and CD is obtained as the
difference between the potential energy of the system
and the sum of the potential energies of the isolated
1MN and CD. Strain energy is the sum of bond
stretching, bond angle bending and torsion energy
terms. A hydrogen bond is assumed when the O...H–O
angle and the O...H distance are in the 120�–180� and
0.8–2.8 Å ranges.

Three parameters (oo’ projection on the y coordi-
nate, the angle h between the yz and the aromatic ring
planes and the d oo’C9 angle) define guest orientation
relative to the host. Calculations were performed
where 1MN approached the CD by the polar (P) or
nonpolar (nP) sides and by two possible orientations
V and H, as depicted in Figure 1. The most feasible
guest-host orientations for the approaching were ob-
tained from the critical analysis of Ebinding, obtained
by scanning d, h and y parameters in the vacuo. Fixed
d and h, the 1:1 complexation was simulated by
approaching 1MN to the CD along the y coordinate
from y = 20 (Å) to )20 (Å) at 0.5 Å steps. Each
structure generated was solvated (PBC conditions),
optimized and analyzed.

Results and discussion

Absorption and excitation spectra

Absorption spectra for 1MN and 1MN/CD solutions
in the 250–350 nm range exhibit a maximum placed at
approximately 294 nm and a shoulder at around
320 nm. Absorption increases with the CD content for
any of the systems studied. No isoemissive points were
observed. Placements of relevant bands observed in
the excitation spectra of 1MN nearly match those of
the absorption spectra. Spectra in the absence of CD,
as well as in presence of it, show a band centered at
approximately 305 nm and a shoulder at 320 nm.
Spectra intensity decreases and a slight red shift is
observed upon increasing [CD].

O(4)

yo’
o’

z

x

o

HP HnP

VP VnP

o’

o’’

C9C9

o’’

o’

Figure 1. Coordinate systems used to define the 1MN:CD complexation processes. Four orientations HP, HnP, VP and VnP depicted were

considered.
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Emission spectra

Figure 2 depicts the emission spectra for 1MN/CDwater
solutions upon excitation of 294 nm at 25 �C. Such
spectra consist of the overlapping of two bands centered
in the 385–390 nm range and at approximately 365 nm.
Some characteristics of these spectra are: (a) all systems
exhibit isosbestic points which are placed close to the

high energy peak, at �363 nm for 1MN/aCD and 1MN/
bCD and at �355 nm for the system that contains cCD;
(b) a quenching of the fluorescence intensity takes place
upon addition of CD, the amount of which depends on
the type of CD and temperature; the highest intensity
variation with [CD] is obtained for the 1MN/cCD system
and the lowest for 1MN/aCD; and (c) the spectra do not
exhibit any substantial fluorescence shift or broadening
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Figure 2. Uncorrected emission spectra of 1MN and 1MN-CD (a-, b- or cCD) aerated aqueous solutions at different [CD] at 25 �C upon

kexc = 294 nm. (top) [aCD] = 0; 0.68; 2.62; 4.60; 6.55; 8.53; 10.47; 12.49; 14.38; 16.36; 22.33; 29.68; 38.26; 44.07 and 51.79 mM. (middle)

[bCD] = 0; 0.40; 1.79; 3.17; 4.69; 6.05; 7.50; 8.93; 10.21 and 11.75 mM. (bottom) [cCD] = 0; 0.87; 2.54; 3.98; 6.42; 11.514; 16.61; 18.26; 21.55

and 25.41 mM.
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of the monomer emission to the red at any [CD] and
temperature that could denote the presence of intermo-
lecular 1MN excimers. The main characteristic, however,
is (d) the decreasing experimented by the intensity ratios
of the low and high energy bands ðR ¼ I�385 nm=I�365 nmÞ
upon CD addition. The intensity of the low energy band
decreases and that of the high one almost remains con-
stant with [CD]. The three left panels in Figure 3 depict
the variation of R with [CD] and temperature. These
concentrations may even be very close to the aCD sol-
ubility limit. The largest variation of R takes place for
1MN/bCD whereas only a small variation occurs for
1MN/aCD. The decreasing in R is associated with the
decreasing in polarity of the medium surrounding the
guest during complexation. Similar effects were observed
with 2MN and other naphthalene derivative guests [11,
13, 20, 21, 27, 28, 34, 35].

Time-resolved fluorescence

Fluorescence intensity decay measurements at 385 nm
upon excitation of 294 nm for isolated 1MN and 1MN/

CD water solutions were performed in the same tem-
perature range. Intensity profiles of free 1MN can rea-
sonably be fitted to single exponential decay. These
single lifetimes, which slightly decrease with temperature
from �7.8 ns at 5 �C to �7.2 ns at 45 �C, are smaller
than those obtained for 2MN (11.5 ns and 10.1 ns at the
same temperatures) [20]. Two lifetime components were,
however, observed in the presence of CD. One was
similar to that of the isolated 1MN and the other one
was faster, in the �7.1–3.2 ns range, and its relative
proportion seemed to increase (decrease) with CD
(temperature). This component may be ascribed to the
complexed form.

The right panels in Figure 3 also depict the variation
of <s>, obtained by Equation (1), with [CD] and tem-
perature for 1MN/CD systems. As with R the largest
decrease in <s> with [CD] is obtained for 1MN/bCD
and the smallest for the 1MN/aCD system. This unusual
decrease, only observed by us when 2MN complexed
with the modified 2-hydroxypropyl-bCD [20], is a con-
sequence of the larger fraction of the complexed form,
which has a faster lifetime component than free 1MN.
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Figure 3. Ratios R of band intensities and average lifetimes< s>vs. [CD] at different temperatures, 5 �C (h); 15 �C (s); 25 �C (D); 35 �C (�);

and 45 �C (e). Dashed lines were obtained by adjusting the experimental data to the proper stoichiometry by using Equations (12) and (14).
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Figure 4. Job’s plots for the 1MN/CD systems: aCD (h), bCD (s)

and cCD (D). DF ¼ F0 � F is the difference of fluorescence intensity in

the absence and in the presence of CD and q is defined as

½CD�t
�
ð½G�t þ ½CD�tÞ, where [CD]t and [G]t are the CD and G con-

centrations for each particular measured sample.

The physical interpretation of this decreasing will follow
in the section Dependence of R¥ and <s>¥ on medium
polarity and microviscosity.

Stability constants and stoichiometry

For a G:CDn complex, with stoichiometry 1:n, whose
global equilibrium can be written as

Gþ nCDÐ G : CDn ð9Þ

the molar fraction of complexed guest (G), x2 ( „ f2)
can be approximated to

x2 ¼
½G : CDn�
½G�0

¼ K ½CD�n0
1þ K ½CD�n0

ð10Þ

where K is the association constant for the equilibrium
(9).

On the other hand, the ratio of intensities I2 and I1,
measured at two emission wavelengths k2 and k1
respectively, can be defined as

R ¼ I2
I1
¼

/f;2ð1� x2Þ þ /c;2x2

/f;1ð1� x2Þ þ /c;1x2
ð11Þ

/f;i and /c;i are related to the fluorescence quantum yield
and molar absorptivities, at the chosen excitation
wavelength, for the free and complexed guest respec-
tively.

By substituting x2 from Equation (10) into Equation
(11), R can be related to [CD]0 as follows

R ¼
R0 þ R1 /c;1

�
/f;1

� �
K CD½ �n0

1þ /c;1

�
/f;1

� �
K CD½ �n0

ð12Þ

where /c;1

�
/f;1 ¼ I1 k1ð Þ=I0 k1ð Þ and R0 and R¥ are

the values for G and G:CDn respectively. If the
intensity of the guest at k1 does not change during
complexation /c;1

�
/f;1 � 1. Equation (12) can be

reorganized as
1

R� R0
¼ 1

/c;1

�
/f;1

� �
K R0 � R1ð Þ

1

CD½ �n0
þ 1

R0 � R1

ð13Þ

Time-resolved measurements can also pro-
vide< s >. In a similar way, by relating ff and fc with
x2 and substituting them into Equation (3) and Equa-
tion (10) into the resulting equation,< s>can be re-
lated to [CD] as,

<s> ¼
s0 þ s1K /c;2

�
/f;2

� �
½CD�n0

1 þ K /c;2

�
/f;2

� �
½CD�n0

ð14Þ

by assuming that the lifetime measurements were per-
formed at k2 as the emission wavelength. /c;2

�
/f;2 is

related to /c;1

�
/f;1 as

/c;1

�
/f;1

� �
¼ R0

R1
/c;2

�
/f;2

� �
ð15Þ

Equation (15) can be reordered in a linear form like
Equations (13).

The following experimental procedure was carried
out: (a) /c;2

�
/f;2 were obtained from the ratio

I1 k2ð Þ=I0 k2ð Þ at each temperature; (b) R0 were the
experimental values of R in the absence of CD and R¥
were obtained from the steady-state data adjustment to
Equation (12) by initially fixing /c;1

�
/f;1 ¼ 1; (c)

/c;1

�
/f;1 were calculated at each temperature by Equa-

tion (15) and compared to those obtained directly from
I1 k1ð Þ=I0 k1ð Þ; (d) K’s were obtained by non-linear
Equation (12) from R values with the new /c;1

�
/f;1 and/

or by Equation (14) with the values obtained at step (a)
and <s> data. They were also obtained by using the
linear equations.

Curves depicted in the left and right panels of
Figure 3 come from a non-linear regression analysis [44]
derived from Equations (12) and (14) respectively.
Table 1 collects the association constants obtained from
these adjustments and the linear analysis (not depicted)
from Equation (13) or similar, as well as, R¥, s1,
/c;2

�
/f;2 and /c;1

�
/f;1. Good adjustments indicate stoi-

chiometries 1:1 for all complexes. R¥ slightly increases
with the size of the CD at each temperature. R0 and s0
values (not shown) are quite similar to those for the
isolated 1MN at each temperature.
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The association constants obtained from steady-state
measurements were relatively low compared to the
values for 2MN complexation obtained in a similar way
[34, 35]. The average of association constants at 25 �C
were �35, �385 and �110 M)1 (steady-state) and �40,
�340 and �110 M)1 (time-resolved) for 1MN com-
plexed with aCD, bCD and cCD respectively. They are
smaller than the values for 2MN. The values of
/c;1

�
/f;1are close to 1 (at kem = 365 nm /c;1 � /f;1) and

they seem to slightly decrease with temperature. Values
of /c;2

�
/f;2 stay around 0.6–0.7 (at kem = 385 nm

/c;2</f;2). They do not show any apparent trend with
temperature.

The Job’s Plots [45, 46] depicted in Figure 4 corre-
spond to a 1:1 stoichiometry for all the 1MN/CD
complexes studied.

Enthalpy and entropy changes

DH0 and DS0 from Table 2 were obtained from linear
van’t Hoff plots depicted in Figure 5 by using the average
of K’s collected in Table 1. Table 2 also shows DH0 and

Table 1. Equilibrium Constants K, R¥, s1 /c;1

�
/f;1 and /c;2

�
/f;2 parameters obtained from steady-state (ss) and time-resolved (tr) fluorescence

measurements at five temperatures for three systems studied

T ( �C) /c;1

�
/f ;1 R¥ K (M)1) (ss) /c;2

�
/f ;2 s1 K (M)1) (tr)

1MN/aCD

5 1.02 1.30±0.03 51±5 0.69 5.60±0.13 24±2

1.30±0.02 53±5 5.63±0.12 24±2

15 1.04 1.34±0.02 41±3 0.73 5.90±0.14 25±3

1.35±0.02 45±3 5.94±0.10 25±2

25 1.00 1.33±0.02 35±3 0.71 5.5±0.4 16±4

1.34±0.02 36±2 6.22±0.10 33±4

35 1.02 1.38±0.03 30±4 0.77 5.91±0.17 21±4

1.43±0.02 39±3 6.12±0.08 28±3

45 0.95 1.46±0.03 41±6 0.76 5.3±0.4 14±4

1.48±0.02 52±6 5.7±0.2 19±4

1MN/bCD

5 0.94 1.20±0.02 454±34 0.58 5.01±0.18 321±47

1.56±0.01 447±35 5.22±0.07 400±28

15 0.91 1.21±0.03 421±53 0.57 4.8±0.2 263±42

1.55±0.01 385±45 4.97±0.08 301±21

25 0.94 1.20±0.04 357±72 0.59 4.94±0.17 261±37

1.54±0.02 384±63 5.19±0.07 339±35

35 0.90 1.21±0.03 320±44 0.59 4.83±0.17 207±27

1.50±0.01 309±37 4.95±0.06 231±17

45 0.87 1.23±0.03 268±38 0.59 4.3±0.4 123±26

1.51±0.02 274±40 4.74±0.18 165±22

1MN/cCD

5 1.11 1.26±0.03 102±12 0.72 6.03±0.07 111±10

1.60±0.01 106±12 6.05±0.06 101±8

15 1.08 1.25±0.03 99±10 0.70 5.81±0.04 102±5

1.58±0.01 133±10 5.82±0.05 104±6

25 1.06 1.26±0.04 103±16 0.70 5.59±0.05 96±5

1.58±0.02 110±16 5.58±0.04 97±4

35 1.00 1.27±0.04 97±15 0.69 5.33±0.07 85±6

1.53±0.02 95±12 5.35±0.07 86±5

45 1.02 1.23±0.05 85±16 0.69 5.14±0.06 85±5

1.52±0.03 97±23 5.18±0.06 87±5

K values shown were obtained by adjusting the results to: the non-linear Equations (12) and (14) and (bold) the linear Equations (13).

Table 2. Values of the enthalpy (DH0) and entropy (DS0) changes during the complexation processes of 1MN with a-, b- and cCD from the
average of the values of K obtained by steady-state (ss) and time-resolved (tr) fluorescence measurements

Host DH0
ss (kJ mol)1) DS0

ss (JK
)1 mol)1) DH0

tr (kJ mol)1) DS0
tr (JK

)1 mol)1)

aCD )15±7 ()31±1) )21±25 ()60±2) +3.3±0.4 +38.2±1.3

bCD )18±3 ()15±2) )15±11 (+12±5) )13±4 +1±14

cCD )3±2 ()10±3) +25±7 (+11±8) )4.8±1.3 +22±4

In parentheses are the values for 2MN taken from references 34 and 35.
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DS0 for 2MN:CD complexes obtained from steady-state
measurements [34, 35]. All systems, except the 1MN/aCD
one, present values of thermodynamics parameters ob-
tained from steady-state and time-resolved (less reliable
due to intrinsic reasons) methods which are within the
standard deviation. DH0 for the formation of 1MN:CD
are negative which is typical of large guests trying to
penetrate into a relatively small cavity, but quantitatively
seem to be slightly smaller than the ones obtained for
2MN:CD [34, 35]. Negative enthalpy changes during
complexation are generally attributed to attractive van
der Waals and/or hydrogen bonding interactions. A de-
crease in these interactions usually means a decrease in
the absolute DH0 values, as occurs for the 2MN inclusion
when the CD size increases [34, 35] or when using 2-hy-
droxypropyl substituted CDs instead of naturally un-
substituted ones [13]. The entropy changes reveal
negative values for 1MN:aCD and 1MN:bCD, which are
accompanied by large uncertainties, as well as, positive
ones for 1MN:cCD. In fact, in the later case, the process is
entropically governed. DS0 < 0 are also characteristic of
bulky guests whose penetration into the relatively small
cavity is rather limited and/or its movement is also fairly
hindered due to large host-guest interactions. The
DS0 > 0 for 1MN:cCD, as for 2MN:cCD, may indicate
that the 1MN penetration into the cCD cavity is feasible.
The location of the ester group may obviously have to do
with the differences in DH0 and DS0 for 1MN and 2MN.

Fluorescence depolarization

The fluorescence anisotropy, r, was obtained by using
Equation (4) at different temperatures (kex = 294 nm;
kem = 385 nm). The upper panel in Figure 6 depicts the
change of r with [CD] and temperature for the 1MN/
aCD system. The variation with [CD] at each tempera-
ture was fitted to an equation similar to Equations (12)

or (14), under the assumption that the total anisotropy is
the sum of the contribution due to the free and com-
plexed guest. As Figure 6 shows, r increases with [CD]
and it decreases with temperature. This can be attrib-
uted to the larger fraction of the 1MN complexed and to
the viscosity solvent decrease and/or to the presumably
decreases in the complexed fraction (if DH0<0).
r extrapolated at [CD] fi ¥ varies as r¥,1MN:cCD>
r¥,1MN:aCD > r¥,1MN:bCD > > r0,1MN. This variation is
obviously related to the size and structure of the com-
plex, the intermolecular 1MN-CD interactions and the
movement of the guest inside the cavity. A similar trend
was observed for 2MN/CD systems [35].

Dependence of R¥ and<s> ¥ on medium polarity and
microviscosity

R¥ and< s> ¥ can also supply additional information
about the polarity and microviscosity of the medium
surrounding 1MN, as well as, on the location of the
guest when complexed. Emission spectra and lifetime
measurements for 1MN in different solvents covering a
wide polarity (�) and viscosity (g) range were performed
at 25�C. The dependence of R with � at 25 �C, which is
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depicted in Figure 7, was described by
R = 0.68 + 1.1·10)3 � + 1.8·10)4 �2. The continu-
ousness of the curve and the relatively wide range of
solvent viscosities covered, infers that R depends almost
exclusively on polarity. The average of R¥ from the data
collected in Table 1 at 25 �C allows us to estimate �
values of 57±1, 59±8 and 61±7 for 1MN complexes
with a-, b- and cCDs. 1MN when complexed with any of
the CDs is placed in an analogous polarity microenvi-
ronment. These values contrast with those of �10, �49
and �74 obtained for 2MN with the same CDs, which
are in agreement with the values for the inner a-, b- and
cCD cavities estimated by us [27, 34, 35] and other au-
thors [47, 48] using other fluorescence probes. MM
calculations and experiments revealed that 2MN can
penetrate into the three CDs cavities, even if partially
within aCD [31, 34, 35].

Decay profiles of 1MN dilute solutions of organic
solvents show a behavior different than that obtained
for 1MN in water. When 1MN is measured in methanol/
water and ethanol/water mixtures two lifetime compo-
nents of �2.0 ns and �8.0 ns are obtained, increasing
the contribution of the large one with the water content.
Decays of 1MN in other alcohols are also two-expo-
nential. This unexpected heterogeneity differs from that

of 2MN whose decay profiles were fitted to a single
exponential in the same solvents [20]. It could be related
to the different heights of the rotational barriers around
the Car–CO ester bond in both 1MN and 2MN com-
pounds, which are considerably smaller for 1MN than
for 2MN [36, 49].

<s> depicted at the bottom of Figure 7 as a func-
tion of � shows two different behaviors. For solvents
with �>30,<s>increases with the polarity and a
certain independence of viscosity is observed; and with
�<30,<s>is almost constant, probably because of
the balance of both polarity and viscosity effects. This
also contrasts with the results for 2MN, where<-
s>strongly increases with solvent viscosity for
approximately �<30 [20]. Values of s¥ collected in
Table 1, which are in the 5–6 ns range at 25 �C, permit
us to estimate � values around 55–60 for the medium
surrounding 1MN in the complexes. These values are
comparable to the ones predicted from R¥.

The results also explain the monotonic decrease in R
and<s>with [CD]. This may be due to the decrease in
the medium polarity surrounding 1MN when it migrates
from an aqueous medium (��78) to one of �� 55–60.

10 20 30 40 50 60 70 80

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

R

10 20 30 40 50 60 70 80

2

3

4

5

6

7

8

<
 τ

 >
, n

s

ε
Figure 7. Plots of R and< s>vs. the solvent dielectric constant, � for

dilute solutions of 1MN in different solvents at 25 �C. Solvents are

methanol/water (MeOH:W) and ethanol/water (EtOH:W) mixtures

(% volume), and a series of n-alcohols (MeOH, EtOH, PrOH, BuOH,

PeOH, HeOH and HpOH).

0 10 20 30 40 50 60

1.0

1.2

1.4

1.6    

1.8

2.0

<
τ>

q=
0 / 

< τ
> 

0

2

4

6

8

10

12

q=
0

[CD], mM

0 10 20 30 40 50 60

Figure 8. Stern-Volmer representations obtained from time-resolved

(top) and steady-state (bottom) measurements at 25 �C for free 1MN

(h), 1MN/aCD (s), 1MN/bCD (D) and 1MN/cCD (,). Quencher

was 2,3-butanedione (diacetyl).

111



Quenching measurements

Figure 8 depicts Stern-Volmer plots from time-resolved
(upper panel) and steady-state (lower panel) quenching
measurements at 25 �C. They were carried out in free
1MN and 1MN/CD solutions (at x2 = 0.75) by using
diacetyl (CH3CO)2. The value of R does not change
upon quencher addition for any of the systems studied.
sh iq¼0

.
sh i varies linearly with [Q] showing the largest

slope for free 1MN. However, Fq¼0
�
F plots deviate from

the linearity and the largest deviation is observed for
1MN in the absence of CD. Parameters collected in
Table 3 were obtained by fitting the experimental data
to the quencher sphere of action model for heteroge-
neous systems with the procedure described before. The
following considerations are derived: (a) ff ranges from
0.33 to 0.48 which means that when x2 = 0.75, the
contribution to the total fluorescence intensity is slightly
larger for the complexed form, despite the fact that the
fluorescence quantum yield of complexed 1MN is
always smaller than for free 1MN. The value of tf
varies from 0.40 to 0.56. KSV;c for the complexes are
smaller by a factor of two than the KSV;f, following
KSV;1MN>K

SV;1MN:bCD
>KSV;1MN:aCD>KSV;1MN:cCD.

An analogous trend can be inferred for kq;c. These
results agree that access of quencher to the free 1MN is
easier than to the complexed one, but also that the
accessibility to 1MN is only slightly larger for
1MN:bCD and 1MN:aCD than for 1MN:cCD. Some-
thing similar occurred when comparing free and
complexed 2MN. Nevertheless, here the largest
quencher- to-guest accessibility is for 2MN:aCD, fol-
lowed by 2MN:cCD and then 2MN:bCD [35].

Molecular mechanics

Figure 9 depicts changes of Ebinding, van der Waals
and electrostatic contributions for 1MN approaching a-,
b- and cCDs for the orientations that provide the most
favorable interaction energies. Nevertheless, for the
1MN/aCD system the results for two different orienta-
tions, which provide similar changes of Ebinding, are
shown. Other orientations are less favorable. 1MN/aCD
systemexhibit a very high repulsive barrier around y = 0.
This is, however, considerably smaller for 1MN/bCDand
it hardly appears for 1MN/cCD. Responsible for these
barriers are the repulsive strong ester group-CD (naph-
thalene-CD) interactions for HP and HnP (for VP and

Table 3. Parameters of the modified Stern-Volmer equation for quenching of free 1MN and 1MN/CD complexes at 25 �C

System sc,q = 0 (sf, q = 0) (ns) <s > q = 0 (ns) ff tf KSV,c (KSV,f) (M
)1) kq,c · 10)9 (kq,,f · 10)9) (M)1 s)1) vc·10)3 (vf·10)3)(Å3)

1MN (7.6±0.1) 7.6 – – (16.8±0.4) (2.22±0.06) (57.9±0.4)

1MN/aCD 5.5±0.4 6.5 0.48 0.56 8.20±0.50 1.50±0.20 29.9±1.1

1MN/bCD 4.9±0.2 5.9 0.38 0.48 8.73±0.14 1.78±0.09 52.7±1.0

1MN/cCD 5.6±0.1 6.2 0.33 0.40 7.19±0.08 1.29±0.02 44.1±1.1

Quencher was diacetyl, x2 = 0.75 and kex = 294 nm.
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VnP) orientations. This indicates that 1MN could pene-
trate into the cCD cavity and a small barrier must be
surmounted to enter into bCD.However, 1MNmay have
no chance at all, whatever its orientation is, to access the
aCD cavity. Figure 9 also shows superimposed the
structures of minima binding energies (MBE). These are
reached at y = 4.4 Å; EMBE = )33.1 kJ mol)1

(y = 6.4 Å; EMBE = )26.5 kJ mol)1) for the HnP (VP)
orientation of 1MN/aCD.When 1MN approaches bCD,
assuming that the small barrier is surmounted, the
structure of MBE is achieved for y = )1.5 Å (EM-

BE = )49.4 kJ mol
)1) if not y = 5.5 Å (EM-

BE = )38.9 kJ mol
)1). The MBE structure for 1MN/cCD is

reached at y = )1.5 Å (EMBE = )54.3 kJ mol)1). The
1MN guest penetrates totally into the cCD but only a
small portion enters the aCD. At a point between is the
1MN:bCD complex. The guest could either enter the
cavity (2) ormost of itmay remain outside (1) if the barrier
is not surmounted while approaching. The structure (1)
will allow for the formation of intermolecular hydrogen
bonds betweenCD (secondaryOH) and 1MN(carboxylic
oxygen). In a similar way the VP structure for the
1MN:aCD complex can also form intermolecular 1MN-
CD hydrogen bonds.

The fact that most of the guest molecule is shielded
by the cCD and only little is by aCD could confirm that
the breaking of the ordered water around the guest and
inside the host cavity upon complexation is mainly be
responsible for the DS0 sign during complexation, as
they increase and decrease respectively. Nevertheless,
the loss of freedom degrees may contribute to the
DS0 < 0 for the 1MN/aCD system more than for
the 1MN/cCD one. These structures may corroborate
the similarity in r¥ for both complexes. The rotational
diffusion rates are very similar due to the comparable
structure size for both complexes and/or the fact that the
1MN movement in the complex would be more hindered
in the complex with the smallest aCD than in that with
the cCD one. These structures would also agree with the
differences in kq,c and other quenching parameters for
both systems. R¥ should agree with the fact that 1MN is
not totally located inside the aCD cavity, as this cavity is
rather more hydrophobic. Similar results were obtained
for 2MN:aCD and 2MN:cCD complexes [31, 35].

The 1MN:bCD complex shows DS0 < 0, which
could be very close to zero if we take the uncertainties in
the experiments into account. A hypothetical DS0 > 0
may agree with a structure where 1MN penetrates al-
most totally into the cavity, as occurred with 2MN [35],
and a DS0 < 0 with an incomplete penetration. In fact,
the relatively high value for kq,c would correspond to a
partial penetration. The polarity surrounding 1MN
seems to be slightly higher than the one proposed for the
inner bCD which may also be indicative of a partial
penetration. However, the low r¥ compared to the val-
ues for other 1MN:aCD and 1MN:cCD complexes, may
point toward a high rotational diffusion rate, which
usually means a deep penetration into the cavity. Per-
haps both (1) and (2) structures are feasible.

Most of the Ebinding at the MBE is due to non-bon-
ded van der Waals interactions. Electrostatics, mainly
due to ester group-CD interactions, only represents 6–
30% of the total binding energy. This contribution in-
creases as the CD size decreases and it hardly appears in
cCD complexes. The amount of this contribution, which
is mostly favored for V orientations, has to do with the
location of the ester group close to the secondary CD
rim. Complexation generally causes a slight decrease in
the total potential energy for 1MN/CD systems. Mainly
responsible for such decreases are the non-bonded van
der Waals interactions, although they are not the largest
contributions to the total energy. The electrostatics
interactions hardly change upon complexation. The
strain energy, correlated to the relative cavity-guest si-
zes, is the main contribution to total energy and it
slightly increases when 1MN approaches the a- and
bCDs and decreases when it approaches the wider cCD
cavity.

Conclusions

The 1MN guest forms complexes with a-, b- and cCDs
with stoichiometries 1:1, but their stability constants are
smaller than for those with the less bulkier 2MN isomer.
Molecular Mechanics proves the viability of such com-
plexes. The non-bonded van der Waals interactions are
mainly responsible for the stability of the complexes.
The formation of complexes is accompanied by negative
enthalpy changes that are also smaller than those ob-
tained for 2MN. These negative enthalpies agree with
the fact that the van der Waals attractive CD-guest
interactions are mainly responsible for the complexa-
tion. Entropy changes during complexation may mainly
be attributed to the loss of the ordered water around the
guest and host cavity upon complexation.
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