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Fluorescence of the inclusion complexes with different compositions tormed by naphtha-
lene-hg. naphthalene-dg, 2.7-dimethyvinaphthalene (DMN), and 2-benzylnaphthalene ¢8N)
with p-cvelodextrin (B-CD) in water was studied. Two types of fluorescence are observed,
monomer (MF) and excimer (EF) fluorescence. The excimer fluorescence of the 2: 2 complex
emitied by aggregated light-dispersing crystals forming a precipitate, whereas is the MF is
observed in the transparent solution. When naphthalene and §-CD are present in equimolar
concentrations, EF predominates for the resulting complexes. A propased structure of the
inciusion complexes was derived from MNDO/PM3 semiempirical quantum-chemical calcu-
lations. The EF is caused by the structure of the complex. in which both naphthalene
molecules are separated by a distance of 4.7 A: they lie in paraliel orientation to each other,
witereby one ring is displaced tfrom the other by one-fourth of the length of the naphthalenc
ring. The complexes of 2,7-DMN and 2-benzyvinuphthalene with 3-CD do not exhibit EF. For
the 202 complex of 2,7-DMN with 3-CD, this is due 10 the fact that the aromatic fragments
are removed too far from one another 2-Benzvinaphthalene is unable to form an inclusion
compiev with B-CD. in whose structure the aromaic fragments inside the cavity could be
arranged in passllel planes; instead. it forms a 12 complex with B-CD.

Key words: J-cyclodextrin, naphthalene, naphthalene derivatives. inclusion complexes,
structure of inclusion complexes, fluorescence. excimer fluorescence, semiempincal quantum-
chemical caleutations, MNDO/PM3 method.

Excimer fluorescence (EF) is due to the formation of
an excited dimer of the AA* type having a relatively long
lifetime (hundreds of nanoseconds) and subsequent light
emission upon transformation of this dimer into two
molecules A, which do not interact in the ground state.
In solutions. the dimeric structure favorable for the
origination of EF arises upon diffusion of molecules A.
Obviously, the probability of this process increases with
increase in the concentration of the molecules; for
arenes, EF can be observed at concentrations of
about | M1

The efficiency of excimer generation is characterized
by the ratio of EF intensity to the intensity of monomer
fluorescence (MF) at their maxima K = I/ Jnon We
used this coefficient for quantitative estimates.

On passing to molecular-organized systems of the
host—guest type, the formation of the corresponding
dimeric structure and generation of EF is no longer
determined by diftusion processes; instead, they are
determined by the probability of formation of inclusion
complexes contzining two A molecules whose mutual
orientation can facilitate the formation of excimers.

For naphthalene, its derivatives, and analogs, the
most suitable host molecules are cyclodextrins (CD)?

and, 1 particular, B-cyclodextrin (B-CD). lts molecule,
shaped like a basket, consists of seven a-D-glucopyra-
nose units linked by (1—4) glucoside bonds.3 The inter-
nal wall in the cavity of p-CD has a hydrophobic nature
and the cavity can incorporate molecules of the appro-
priate size upon adsorption from aqueous solutions or
directly from air. A necessary condition for the forma-
tion of the inclusion complex is that the size of the guest
molecule should match the size of the B-CD cavity.
According to the calculations performed previously. most
naphthalene derivatives as well as phenanthrene and
fluorene comply with this requirement.

Excimer tluorescence can be exhibited by two types
of complexes containing A and CD in 2: 1 or 2: 2 ratio.
In the former case, one v-cyclodextrin molecule consist-
ing of eight glucose units has a cavity large enough to
form an inclusion complex with two A molecules.3 The
latter case implies association of two 1 : 1 complexes 1o
give a 2:2 complex.26=3 Experiments show that EF in
these complexes is observed at A concentrations three
orders of magnitude lower than that required for EF in
homogeneous solutions.® However, the formation of an
inclusion complex with two A molecules is not a suffi-
cient condition for the occurrence of EF. For EF to
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arise, it is required that the planar A molecules be
arranged parallel or nearly parallel 1o one another, so
that interaction of an excited molecule with a nonexcited
one could give a bound excited dimer. Therefore, there
can be 2:1 or 2: 2 complexes whose EF is suppressed
due to the nonparallet orientation of arenes, aithough 1t
does occur m a homogeneous solution of the A mol-
ecules.

The excimer fluorescence of naphthaiene and some
of its derivatives in homogenecous solutions has been
studied in detwil ! It was shown that only 1,8-DMN
fails to produce EF; this was explained by steric restric-
tons to the formation of an excited dimer. The excimer
fluorescence of naphthalene clusters has been studied
previously H—H The competition between monomeric
fluorescence (MF) and EF was found tor an equimolar
mechanical mixture of naphthalene and dimethy!l--CD
heated in a tube. The former is entirely suppressed at
60—80 °C, while only EF is manifested; however, on
heating above 90 °C, only MF is observed.!3

Naphthalene {coacentration in water of <1p7?
mol L™ and 8-CD (C = 107°—10"" mol L) forms a
1.1 inclusion complex exhibiting MF. For naphthalene
concentrations of 21074 mol L.™', a 2: 2 complex is also
formed: this is accompanicd by EF.18 {-Chloro-
naphthalene® and 2-naphthyl-t-ethanot!? behave in a
similar wav, whereas I-naphthyl--ethanol does not ex-
hibit EF. The EF of cyclodextrins having substituents
with a naphthalene fragment has been studied previ-
ously.18—21

The structures of inclusion complexes have been
tittke studied as yet. In a recent publication ® it was
shown that the size of the B-CD cavity is sufficient to
ensure free rotation of excimerically fluorescing f-chloro-
naphthalene dimer, whose volume was estimated to be
0.2 nm?. The structures of fluorenone and xanthone
complexes with cvclodextrins were deétermined by mo-
lecular mechanics caleulations. 22

In this work, we studied the relationship between the
structures of p-CD complexes with naphthalene and
some of its derivatives, which were determined by
MNDQO/PM3 quantum-chemical calculations, and the
results of experimental measurement of fluorescence in
these complexes. The purpose of this work is an attempt
to predict the appearance of EF based on the structure
of the inclusion complex.

Experimental

Compounds. Naphthalene (N)-hy and N-dy as well as
2,7-dimethyvinaphthalene (2.7-DMN) and 2-benzyinaphthalene
(2-BN), whose fluorescence had not been studied previously.
were used as guests for complexation with f-CD. The com-
pounds were purified by recrystallization; the degree of purity
was checked based on the absorption and luminescence spectra.
B-CD and y-CD (Cyclolab, Hungary) were used as received.
Doubly distilled water served as the solvent.

Preparation of complexes. An aqueous solution of 3-CD or
4-CD (10 mLj with a concentration of $-1073 mol L™ was

added to a quartz tube so that a thin layer of the substrate (in an
amount corresponding to the specified substrate concentration
in the solution) was deposited on the tube walls after evapora-
tion of a hexane solunon. The isolated tube with the resulting
salution was held for 1 h on a water bath at 30 °C and then
slowly cooled to ~20°C. The solution was shaken at intervals.
This treatment gave solutions containing complexes in concen-
trations of 107" mol L7! for 2.7-DMN and 2-BN or
51073 mol L7 for N-hg and N-dg. To obtain N-hy and N-dy
concentrations of 107* mol L™7 in the comples, the appropriats
agueous solutions were used and the sample of $-CD was
chosen in such o way that its concentration was 3+ 1073 mol L™
Naphthalene is highly volatile; therefore. the real concentration
of substrates ditfered from the theoretical one and was deter-
mined from the absorption spectra of solutions of the complexes.

Procedures. Absorption and tluorescence spectra were mea-
sured on a Specord M40 spectrophotometer and an Elumin-2M
spectrofluorimeter. Fluorescence was excited at o frequency of
35088 cm™! The MF and EF maxima for nuphthalene and its
derivatives lie in the regions of 31000 and 23000 cm™!, respec-
tively

Calculations. Semicmpirical quantum-chemical calculations
for substrate molecules: naphthalene, 2.7-DMN, 2-BN. and
their 1:1 and 2:2 inclusion complexes with B3-CD. werz
carried out by MNDO/PM3 (below referred to as PM3) with a
standard set of parameiers?3 using the PC GAMESS99 program
package.24 The HyperChem program?® was used as a graphical
interfuce for the preparation of input files and visualization of
the results of calculations.

Structure of the monomeric §-CD. Previously,¥ we showed
that B-CD. constructed from seven identical glucose units, has a
regular structure corresponding to the C; group of symmetry.
The B-CD structure calewlated in this work had a 0.3 keal mo}™!
lower heat of formation (A#, = —1468.4 keal mol™") than that
established previously. Analvsis of the structure of the O(T)
hepiagon constructed at the bridging oxygen atoms connecting
the neighboring glucose units makes it possible to estimate the
dezree of symmetry of the calcuiated structure. In the sym-
metrical form of B-CD. all the angles (¢) should be equal 10
128.57° and the figure should be strictly planar. ie.. the seven t
(0—~0—0-~0) dihedral angles should be equal to zero and the
closed curve circumscnbed about the heptagon should be a
circle. In addition, the symmetrical struciure of $-CD has seven
equivalent bond lengths and angles.

The calculated structure can be characterized by average
values of the equivalent bond lengths and angles and by the
ellipsicity (z) of the circumscribed circle (2 = Ry i/ Rayn, R are
the radit of the circumscribed circle). The accuracy of fulfill-
ment of the C; symmetny operation and, hence, the quality of
optimization are determined by the standard deviations (s} irom
the average bond lengths and angles: the more exact the sym-
metry of the molecule. the smaller the o values and the closer ¢
is 1o unity {& for a circle is exactly unity).

Comparison of the resulting values with published daia
demonstrates that the shape of the calculated 3-CD structure is
very close to the symmetrical structure corsresponding to the
global minimum:

This work Ref. 4 Retf. 26
o/deg 128.57 12%.3(6) 128.5(6)
w/deg 0.00(4)  -0.008x489 128.33%237
AH/kcal mol™! 1468 .4 1467.9 1459.65

The structure of p-CD dimers was calculated as follows. The
structure of a natural product, bis-(B-CD) ethyl cinnamate
nydrate (BIDMOQ), was used as the initial structure lor opti-
mization.27 In this compound. $-CD occurs as a “head-to-
head” dimer. In the calculations, the hydration water and
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substrate molecules were removed ind the missing hydrogen
atoms were added in the required ortentation. The patterns of
tormation ot the CD dimer from fi-cyclodextrins with right- (A)
and lett-oriented (B) H-bonds are shown in Scheme 1.

Scheme 1
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In the A case, 3-OH groups are proton donors, white in the
B case. these are 2-OH uroups.

Full PM3 structure opumization withour any symmetrv re-
strictions gave a highly symmetrical "head-to-head” dimer corre-
sponding to the D; group of symmetry. The dimer geometry
thus calculated was found to be close to the imitial native
structure. Thus the average distances between the oxygen atoms
of the two components of the dimer connected by hydrogen
bonds, #0O...0), were found 1o be 3.298 A in the calculated
structure, whereas in the native dimer, d(0...0) = 3.1 A. The

Fig. 1. Structure of the 1:1 B-CD~naphthalene complex de-
termined by MNDO/PM3 calculations.

Table 1. Heats of formation (aff) of B-cyclodextrin (3-CD).
B-CD dimer, naphthalene (N). 2.7-dimethylnaphthalene
{DMN),  2-bengvinaphthalene (BN), 1:1 p-CD- N,
f-CD-DMN, and B-CD - BN inclusion complexes, and 2:2
28-CD- 2N and 28-CD-2DMN inclusion complexes and the
energies of complexaton (AF) calculated by the MNDO,/PM3
method

Molecule, AHy AE
complex keal mol™!
B-CD ~1468.4 —
23-CD -2943.4 -8.69
B-CD-N ~ 14401 ~12.1
B-CD - DMN —1460.1 -13.2
B-CD - BN -142] .30

—1421.9¢ —13.1
23-CD - 2H —2386.3 -30.4
23-CD - 2DMN —2933.1 —-12.9¢
N 40.42
DMN 2146
BN 59.63

Nore. * The energy of dimerization of 3-CD.

“The 1:1 complex of benzylnaphthalene with B-CD: the
naphthalene fragment is inside the cavity.

“The 1:1 complex of benzylmaphthalene with B-CD; the
benzylic fragment is inside the cavity.

“The energy of dimerization of the B-CD - DMN complex.

cnergy of dimenzation calculated as the difference between the
AHy value of the dimer and the doubled heut of formation of
B-CD was equal 10 —8%.7 keal mol™! (Table 1).

Calculanions of 1: | inciusion complexes of B-CD were carried
out as fotlows. The molecules of substrates. viZ., naphthalene,
27-DMN, and 2-BN, were “inserted” into the R-CD caviry at
the graphical interface display, the resulting structural file was
canverted into the input format for the GAMESS program, and
full geometry optimization was performed (Fig. ). The same
result can be obtatned by display coupling of two | 11 com-
plexes to form a dimer tollowed by geometry optimization. The
energy of complexation, AE, was calculated as the difference

AE = aH{comply — AH{3-CD) — AH/subst).

Since two structures of complexes are possible for 2-BN.
the energies of complexation for isomeric structures are com-
pared (see Table 1). where one of them has a benzyl fragment,
while the other has a naphthalene fragment inside the cavity
(Fig. 2). The comparison showed that the two types of §:1
complexes tor 2-BN are indistinguishable from the energy
standpoint, A£ = ~12.5 kcal mol™}. The encrgy of the forma-
tion of the inclusion complex of 2.7-DMN with 3-CD was
~13.2 keal mol™ .

Arene dimers. The structures of the van der Waals dimers of
arenes have been repeatedly studied (see Ref. 28 and references
therein). In most cases, the equilibrium structures in the ground
clectronic state are characterized by a T-shaped onentation of
the aromatic rings in the dimer. However, the existence of EF
requires parallel orientation of components.

The PM3 calculations of the van der Waals dimer (WD) of
naphthalene alfso result in a T-shaped orientation of compo-
nents with a dimerization energy of —1.4 kcal mol™!; according
to the Hessian calculation, this structure actually corresponds 1o
the global minimum because it is characterized by 3V—6 { N == 36,
the number of atoms in naphthalene dimer) positive harmonic
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Fig. 2. Structure of the 11 | B-CD—2-benzyinaphthalene com-
plex determined by MNDQ/PM3 calculations.

frequencies of vibrations. Note for comparison that the energy
of the pyrrole WD with a similar ornentation of compo-
nents calculated by the perturbation theory amounts to
=~ 1.69 keal mol™'.28 The structure of the naphthalene dimer
with a parallel sandwich orientation of the componeats and
with a distance of ~4.7 A between the planes corresponds to the
saddle point on the potential energy surtace because it has one
imaginary vibration frequency. lis dimerization energy 1S equal
1o —0.15 kcal mol™ ). Since this value is four times smaller than
kT, 1t can be inferred that in this orientation of components,
naphthalene molecules virtually do not interact in the
around state.

We investigated the behavior of the naphthalene WD 1n the
cavity of the -CD dimer by a mode! calculation. To this end.
the T-shaped naphthalene WD was placed into the central pan
of the B-CD dimer cavity and the resulting structure was
optimized by the PM3 method. During the geometry optimiza-

Fig. 3. Structure of the 2:2 pB-CD—naphthalene complex de-
termined by MNDO/PM3 caleulations.

ton. the naphthalene dimer acquired a nearly paraliel onenta-
tion (Fig. 3). Thus. it was found that the structures of the
2.7-DMN and 2-BN dimers do not require preliminary optimi-
zation: it is sufficient to calculate the paraliet onentations of
these substrates in the cavity of the $-CD dimer.

Caleulations of 2.2 incluston complexes of B-CD were per-
formed by placing two paratlel N and 2.7-DMN molecules
separated by a distance of ~4 A into the cavity of the p-CD
dimer followzd by optimizanon of the complex geometry. In the
resulting structures, both components are separated by a meun
distance of 4.7 A

Results and Discussion

The naphthalene-hg—3-CD complex. The formation
of a complex from naphthalene-hg and $-CD in a
saturated agueous solution is accompanied by minor
changes in the absorption spectra. In view of the arising
light dispersion, the possible substantial errors in the
determination of the equilibrium constant of the |:1
compiex can be undersiood.?? However, the complex
formation resuits in pronounced changes in the fluores-
cence spectra if irradiation at 35877 cm™! (5. = 2835 nm)
is employed for excitation. The fluorescence specira of a
saturated aqueous solutton of naphthalene-hy (Fig. 4,
curve {) and s complex with B-CD (Fig. 4, curve 2,
K = 0.1) show the presence of two excimers. The optical
density of these samples at the long-wavelength maxi-
mum at 36120 cm™! is equal to 0.6, which corresponds
to a naphthalene concentration of 9+ 1075 mol L7
These samples are not true solutions of the complexes
because they contain microparticles of aggregated com-
plexes, which are deposited with time on the cell bot-
tom. After shaking the cell, a suspension is produced
and the absorption and fluorescence spectra change.
Light dispersion appears in the absorption spectra and
the EF to MF ratio (see Fig. 4, curve 3, K = 0.2) in the
fluorescence spectra markedly increases. Estimates show
thut the change in the ratio is not caused by light
dispersion. This means that EF is mainly concentrated
in light-dispersing aggregated complexes whose size is
fractions of microns, which is much larger than the size
of the 2: 2 complex.

When the calculated naphthalene concentration in-
creases to 5+ 1073 mol L™!, the formation of the com-
plex with B-CD in solution (see the procedure for the
preparation of complexes) results in enhanced EF of the
mother liquor {(see Fig. 4. curve 4, K = 0.29), while the
MF in the resulting precipitate is suppressed with respect
10 the EF (see Fig. 4, curve J, K = 4.9). Phosphores-
cence spectra cannot be observed for the precipitate not
only at room temperature but also at 77 K due to the
competing EF.30

Only EF is observed for naphthalene complexes pre-
pared by grinding weighed portions of the components
in molar ratios ranging from 1:10 to 1:100. This is
apparently due to the high local concentrations of naph-
thalcne because tor complexes prepared in solution at a
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Fig. 4. Fluorescence spectra { /~ 7 and fluorescence excitation
spectrum (&) of an aqueocus solution of naphthalene and s
complex with f-cvclodextrin in the region of 22000 em™! (see
the text).

naphthalene concentration of 1074 mol L™V and a p-CD
concentration of 2- 1073— 10" mol L™, MF predomi-
nates (see Fig. 4. curves 2 and J).

The naphthalene-dy—p3-CD complex. The complex
formed upon the addition of B-CD to a saturated aque-
ous sotution of naphthalene-dg (D09 = 1) is character-
ized by K = 0.37 (see Fig. 4, curve 6). For comparison,
the complex of naphthalene-hg in a lower (by 70%)
concentration has K= 0.1. If the formation of excimers
in the complexes of naphthalene-hy and naphthalene-dy
with 3-CD is supposed to occur with equal efficiencies.
the dependence of K on the arene concentration sub-
stantially deviates from the theoretical dependence known
for homogeneous solutions in which the K value should
be inversely proportional to the concentration.3!

The 2,7-DMN—B-CD complex. The use of a substi-
tuted naphthalene should change the structures of 1:1
and 2:2 complexes, which can have an influence on
their fluorescence. indeed. the fluorescence spectrum of
the complex of 2.7-DMN with 3-CD does not exhibit
EF (Fig. 3, curve /) due to the fact that the dimeric
structure of the arene in the 2 : 2 complex does not bring
about an interaction needed for the appearance of
excimers. The calculation of the structure of the 2:2
complex (see betow) confirms this cxplanation.

1t should be noted that m homogeneous solutions,
2.7-dimethylnaphthalenc, unhke 1.8-dimethylnaph-
thalene. does exhibit EF.1

Shaking of a sample containing the complex affords
a shightly turbid suspension: only when the instrument
amplification for the recording of fluorescence s in-
creased by an order of magnitude, does the fluorescence

f {rel. unitsy

Za
T

L

28 26 24

b
32 30 v 103 /em!

Fig. 5. Fluorescence spectra (7—6) of an agueons solution of
2. 7-dimeriwwlnaphthalene and its complexes with - and
y-cyclodextrins (see the text). Spectra 2, 3, 5. and 6 are shifted
Mong the ordinate axis for clearness.

spectrum display several weak narrow bands in the
region where EF is normatly observed. instead of the
expected broad band (see Fig. 3, curve 2). The assump-
tion that these bands are due to impuritics 1S not
confirmed because neither the aqueous solution of 3-CD
nor homogeneous solutions of 2.7-DMN in ethanol or
hexane exhibit luminescence in this region. However,
similar bands were observed for a freshly prepared
saturated aqueous solution of 2.7-DMN (see Fig. 5,
curve 3); during storage ot the solution, the bands
gradually disappear and their nature has not been
elucidated.

After the samplie has been stored for several days, a
structureless band appeared in the spectrum of a suspen-
sion prepared from the precipitate (see Fig. 3, curve 9);
this could be assigned to EF. Probably, the formation of
the dimeric structure inducing the EF is a long process
because the opening through which the guest molecule
enters the 8-CD cavity is not sufficiently wide. However,
this band coincides with the band observed in the fluo-
rescence spectrum of the product of the dark reaction of
2.7-DMN in water (see Fig. 5. curve J5). while the
fluorescence excitation spectrum in this region does not
coincide with the excitation spectrum observed in the
MF region.

Thus, no EF of 2,7-DMN in the complex with 3-CD
can be observed, which is a consequence of the complex
structure. However, EF is clearly recorded for the com-
plex of 2.7-DMN with v-CD at a calculated concentra-
tion in the solution of 1- 1073 mol L. As for the
naphthalene complex, MF in the precipitate is sup-
pressed with respect to EF (see Fig. 3, curve 6.
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The 2-benzylnaphthalene—f3-CD complex. The fluo-
rescence spectium of the 2-benzylnaphthaltene complex
with B-CD s similar to the spectrum shown in Fig. 5
(curve /), i.e., no EF is ohserved for this complex even
at high concentrations of 2-BN. The calculation of the

complex struciure presented below shows that the size of

the molecule s such that either the benzyl or naphtha-
lene moiety can fit tnto the §-CD cavity, whereas the
other motety protrudes above the upper edge of the
cavity (see Fig. 2). Therefore, dimerization of the com-
plex in which two B-CD molecules are linked according
to the "head-to-head” pattern and contain two substrate
molecules is untikely. The formation of the 2:1
f-CD-—BN complex in which one host molecule has a
benzylic fragment in the cavity, while the other one
contains a naphthalene fragment appears more hkely.

The structure of inclusion complexes of naphthaiene
and its derivatives with 3-CD. The structure of the 2:2
naphthalene complex with B-CD presents interest due o
the fact that the constant ol association of the binary
complex 1o the 2: 2 dimer is very ligh (4- 107 L mol™!y,
whereas the constant of formation of the binary complex
of 3-CD with naphthalenc is 685 L mol™! (see Ref. 16).
In addition, according to the data of iuminescence
spectra, 2 complex of this type appears to form when
inclusion compounds are prepared by grinding the solid
components (see above).

We performed calculations for the 2:2 complex
constructed as a "head-to-head” dimer of B-CD with one
naphthalene molecule in the cavity of each §-CD mol-
ecule (see Fig. 3). According to the calculation, the
energy of the 2:2 B-CD-—naphthalene complex is ex-
ceptionally high and amounts to —=30.4 kcal mol™" with
respect 1o the components. The subtraction of the ener-
aies of two naphthalene molecules shows that their
insertion into the cavity of the dimer should be accom-
panied by energy expenditure equal to —16.8 keal mof ™!
which is smaller than twice the encrgy of formation of the
complex of 8-CD with naphthalene {(—=24.2 keal mol™!).
The energy of association of two |7 | complexes into a
2: 2 complex is estimated 10 he -—6.1 kcal mol™!, which

is somewhat smaller than the energy of dimerization of

3-CD molecules without inclusions {(—=8.7 keal mol™!,
see Table 1} Thus. according to calculations, associa-
tion of binary complexes into a 2: 2 aggregate is ener-
getically favorable. This is consistent with the experi-
mental complexation constants presented above.

In the structure of the complex, the planes of the two
naphthalene molecules are nearly parallel to each other
and are displaced from each other by one-fourth of the
lengith of the naphthalene ring. Thus, the aromatic
svsterns of the components overlap fairly extensively.
The average distance between the planes is 4.7 A

If the van der Waals radii of the C and H atoms are
assumed to be 1.7 and 1.15 A32 then the maximum
length of the naphthalene motecule is 8.75 A the width
is 7.26 A, and the "thickness” is 3.4 A. The volume of a
naphthalene molecule is 0.22 nm’ and the volume occu-

pied by 2 WD cannot be smaller than 0.44 nm?. Hence.
the value equal to 0.2 nm? for the volume of the
naphthalene dimer in the cavity of the f-CD dimer was
underestimated by Hamai ® by a factor of at least 2,
which may be due 1o the low accuracy of the method of
measurements he used.

The volume of the naphthalene dimer located in the
cavity of the 2:2 complex, which was tound i tus
study to be 0.42 nm?, s ~0.1 nm® smaller than the
calculated volume occupicd by the free naphthalene
dimer with planar orientation of components. Thus, the
naphthalene dimer located in the §-CD cuavity proves to
be more compact than the free dimer. Since the overlap
of one-fourth of the aromatic fragments is sufficient for
the generation of EF. the ornientation of the naphthalene
molecules found in calculations, which implies overlap
of not less than three-fourths of the n-systems, is able to
ensure coupling of the components after excitation of
one of the molecules to give an AA* dimer.

A different structure was tound for the 2: 2 complex
of 8-CD with 2,7-DMN. The planes of the two
2.7-DMN molecules virtually do not overlap in this
complex because this is prevented by the methyl groups.
Experimental data are consistent with the calculated
structure of the complex; no EF is observed in this case.

The complex of 2-BN does not exhibit EF ecither.
This is eaplained by the size of the 2-BN molecule.
Irrespective of whether the naphthalene or benzyl moi-
ety is inserted into the §-CD cavity, the other part of the
molecule remains outside and can apparently enter the
cavity of a second B-CD molecule to form the
B-CD-2-BN complex (2: 1), which tends to exhibit
MF. as observed in experiments.

The influence of side reactions on the fluorescence.
The results presented above were obtained using freshly
prepared samples. On storage in aqueous solutions. naph-
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Fig. 6. Structure of the 2:2 B-CD--2.7-dimethyinaphthalene
complex determined by MNDGO/PMS3 caleulations.
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thalene and its derivatives are converted into other stable
compounds exhibiting structureless fluorescence in the
same spectral region in which the EF of naphthalene is
observed. This transformation of naphthalene was ob-
served 3 days after s saturated solution in warter had
been prepared. In other cases, this required a month or
longer periods. Netther heating to 30°C for 5 h nor
irradiation with the nonfilicred light from a DRSh-300
lamp acceleraied the process. This phenomenon was also
observed in diethy] ether but not in hexane. The isolated
product was insoluble in hexane but was readily soluble
in water and cthanol.

Apparently, this product resulted from a dark reac-
tion involving oxygen; the different periods it takes for
the product to appear are due to the different degrees of
tightness ensured by the ground joints through which
atmospheric oxvgen gets into the solution. To verify tius
assumption, we prepared an oxygen-free sample of a
saturated aqueous sofution of naphthalene-hg. The MF
of the arene measured sfier 3.5 months was equal 1o that
observed immediately after preparation.

Identification of the products formed from naphtha-
lene and its derivatives was beyond the scope of our
study but we still studied the spectral transformations
because they were among the reasons for the nonrepro-
ducibility of the results of measurements of the EF of the
complexes.

Figure 4 (curves 7 and 8§) presents the fluorescence
spectra and the fluorescence excitation spectra of the
final product of the transformation of naphthalene n
water. During the formation of this product, the maxi-
mum of the fluorescence spectrum undergoes a batho-
chromic shift in the 24500-~-22600 cm™! range.

The final product s also formed in an agueous
solution of the naphthalene complex with B-CD, which
first induces an increase in the fluorescence efficiency in
the region of 23000 cm™! This increase may also be
refated to an increase in the EF intensity because the
processes of formation of 2:2 complexes can require
substantial periods of time. The measurements related to
complexes are normally performed at feast 24 h afier the
required components have been mixed. The product of
the dark reaction may form over periods of time of the
same order, which hampers guantitative measurements
of the EF.

The concentration of arene 1 water 15 equilibrated
with that in the CD complex; the equilibrium cun be
disturbed upon the formation of a stable product from
the arene. Indeed. upon prolonged storage of an aqueous
solution of the naphthalene complex with 3~CD. the
naphthalene passes entirely into the product, as indi-
cated by the changes in the absorpuion and fluorescence
spectra. Similar reactions take place in agueous solutions
of the complexes of naphthalene derivatives with p-CD.
Thus, to preserve the complexes intact. one should take
measures 10 prevent dark reactions of arenes, for ¢x-
ample, removing oxygen from the solution.

Processes of aggregation and their influence on the
fluorescence of complexes. Our results demonstrate that
the aggregation of complexes changes substantially their
fluorescence. in particular, the EF to MF ratio. How-
ever. B-CD itself can also form aggregates in aqueous
solutions; the characteristic time of aggregation is several
days, which was confirmed by our measurements of the
absorption spectra of an aqueous solution of B-CD.
Especially pronounced changes in the absorption of the
solution take place in the first 24 h and are related 10
the formation and precipitation of light-dispersing
aggregates.

The preparation of samples according to one of the
procedures implics the use of an aqueous solution of
3-CD; hence, the degree to which B-CD 15 aggregated
can influence the structure of the complexes formed and
their fluorescence. This should be taken into account for
obtaining reproducible results of spectral measurements.

During measurements. it was found that B-CD can-
not be stored close to naphthalene because of the ap-
pearance of structureless fluorescence (which is retained
after keeping B-CD at 50 °C for 4 h) in the region typical
of the MF of naphthalene. Apparenty, naphthalene
from the gas phase forms an inclusion complex
with -CD.

The formation of inclusion complexes of naphtha-
lene and its derivatives with f-cyclodextnin either en-
hances the EF with respect to that in homogeneous
solutions (N-hy and N-dg) or, in some other cases,
prevents EF (2,7-DMN, 2-BN). This is related to the
structure of 2 : 2 complexes, which is substantially differ-
ent for naphthalene and its derivatives, as confirmed by
relevant quantum-chemical calculations. The formation
of products of a dark reaction was detected in aqueous
solutions of naphthalene and its derivatives; the products
display structureless fluorescence in the same region in
which the EF of these arenes is observed. which can
bring about errors in the investigation of EF.

The authors are gratefut to the Russian Foundation
for Basic Research for financing the access to the Cam-
bridge Structural Database.

This work was supported by the Russian Foundation
for Basic Research (Project No. 97-03-32604a).

References

1.J. B. Birks and J. B. Aladekomo, Specrrochim. Acra.
1664, 20. 15.

.S. Hamai, Bufi. Chem. Soc. Jpn.. 1996, 69. 543.

K. A. Connors, Chem. Rev., 1997, 97. 1325,

V. G. Avakyan, V. B. Nazarov. M. V. Alhmov, and A, A

Bagatur'yants, v, Akad. Nauk, Ser. Khim.. 1999, 1837

[Russ. Chem. Bulfl., 1999, 48, 1833 (Engl. Transl)]. .

5. A. Ueno, K. Takahashi, and T. Osa, J. Chem. Soc.. Chem.
Commun., 1980, 19, 92].

6. S, Hamai, J. Phys. Chem., B, 1999, 103, 293.

B e D



1'7

/

06 Russ.Chem. Bull., Int. £d.. Vol 49, No. 10, Ociober, 2000

Nazarov er dl.

20.

.S. Hamai and A, Hatamiva, Bull. Chem. Soc. Jpn.. 1996,

69, 2409.

.S, Hamai. J. Phyes, Chem., B, 1989, 93, 6327

. N. N. Barashkov. T. V. Sakhno, R. N. Nurmukhametov.
and O. A. Khakhel', Usp. Khim., 1993, 62, 379 | Russ. Chem.
Rev.. 1993, 62 (Engl. Transif.

). B. Aladekomo and 1. B. Birks, Proc. Roy. Soc. ( London),

A, 1963, 284, 351,

CY. Kumamoto, T. Nakatani, K. Tokumura, and M. lioh,

Jo Phys. Chem.. A, 1998, 102. 6436.

. H. Saigusa, S. Sun, and E. C. Lim. J. Phys. Chem., 1992,

96, 2083.

. H. Seigusa, S Sun, and E. C. Lim, J Phys. Chem., 1992,

96. 10099,

14. H. Saigusa and E. C. Lim, J. Phys. Chem., 1995, 99, 15738,
.H. Kawashima, E. Yonemochi. T. Ogochi. and

K. Yamamoto. /. Chem. Soc.. Farad. Trons.. 1994, 90, 3117
.S, Hamai, Bull. Chem. Soc. Jpn., 1982, 55, 2721,

T, C. Barros, K. Stefaniak, J. F. Holzwarth, and C. Bohne,

J. Phys. Chem., 4. 1998, 182, 3639.

. F. Hamada, S, Minato, T. Osa, and A, Ueno. Bull. Chem.

Soc. Jpn., 1997 70, 1339.

M. N. Berberansantos. J. Canceill, J. C. Brochon, L. Jullien,
J. M. Lehn, J. Pouget. P. Taue, and B. Valeur, J. Am Chem.
Soc.. 1992, 114, 6427,

S. Minato, T. Osa, and A. Ueno, J. Chem. Soc., Chem
Commun. (2), 1991, 107,

21

20

-

RER

24

25.
26.
27.

D. M. Gravett and J. E. Guillet, /. Am. Chem. Soc.. 1993.
LIS, 3970.

R. S. Murphy, T. C. Barros. J. Barnes, B. Mayer,
G. Marconi, and C. Bohne, J. Phys. Chem., 1999, 103, 137.
J. 1. P Stewart. J. Compur. Chem., 1989, 10, 205.

M. W Schmide, K. K. Buldndge. J. A, Boatz, S. T. Elbert,
M. S, Elbert. J. H. Jensen, N. Matsunaga, Ko A Nguven,
S. Su, T. L. Windus, M. Dupuis, and J. A, Monigomery,
J. Compur. Chem., 1993, 14, [347.

HyperChem, Hypercube, Inc.. 1996.

C. Margenitis and C. Sinistri, Z. Narurforsch.. 1996, 51a, 930.
B. E. Hingerty. C. Betzel. and W. Saenger, Am. Cryst,
Asyoc., Abstr. Papers (Winter), 1984, 12, 37

V. Luke, M. Breza, and S. Biscupi, Theor. Chem. Acc..

1999. DOt 10.1007.

ML Fujike, T. Deguchi, and I Sanemasa, Bull. Chem. Sovc.,

Jon.. 198861, 1163,

Vo B Nazarov, T. G. Vershinnikova, and M. V. Alfimov,

Izv. Akad. Nawk. Ser. Khim., 1999, 2022 [Russ. Chem. Bull.,
1999, 48. 1998 (Engl. Transi}).

- C. A Parker. Phoroluminescence of Solurions. Elsevier Pub-

lishing Co., Amsterdam—Loadon—New York, 1968,

CACL Kiteigorodskii, Mofekulyarnye kristaily [ Moleculur Crys-

rals]. Nauka, Moscow, 1971,

Received February 28, 2000




