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Fluorescence of the inclusion complexes with different compositions tbrmed by naphtha- 
lene-h s. naphthalene-d~. 2,7-dimethylnaphth,,tene tDM N). and 2-benzyln,~phthalene ~ BN) 
with [~-cyclodextrin (~-CD) in wa~er was studied. Two types of fluorescence are observed, 
monomer (MF) and excimer (EFt fluorescence The excimer fluorescence of the 2 : 2 complex 
emitted by aggregated light-dispersing crystals forming a precipitate, whereas ix the MF is 
obseceed in the transparent solution When naphthalene and ]]-CD are present in equimolar 
concentrations, EF predominates for the resulting complexes. A proposed structure of the 
inclusion complexes was derived from MNDO/PM3 semiempirical quantum-chemical  calcu- 
lations. The EF is caused by ~he structure of fl~e complex, in which both uaphtha)ene 
molecules are separated by a distance of 4.'7 A they lie in parallel orientation to each other, 
wilereb 5 one ring is displaced from the other by one-fourth of the length of the naphthalene 
ring. The complexes of 2.7-DMN and 2-benzyh~aphthalene with ~-CD do not exhibit EF. For 
the 2 : 2 complex of 2,7-DMN with II-CD, this i,, due to the fact that the aromatic fragments 
arc removed to~ {ar fronl one another 2-Bcnzyinaphdmlenc is unable to form an incluszon 
complex with i~-CD, in who~e structure the alomatic fragmen~.s hlside ~he cavity could be 
:Jrranged in parallel planes; instead, il Ik~rms a I : 2 complex with I~-.CD. 

Key words: ~-cyclodex{rin, naphthalene, naphthalene derivatives, inclusion complexes, 
structure of inclusion complexes, fluorescence, e\cimer fluorescence, scmiempirical quamum- 
chemical calculations, MNDO/PM3 mettmd. 

Excimer  f luorescence  (EF)  is due  to the tb rmat ion  of  
an  excited d i r e c t  of  the AA* type having  a relatively long 
l ifet ime ( h u n d r e d s  of  nanoseconds )  and  subsequent  light 
emiss ion  upon  t r ans fo rma t ion  of  th is  d imer  into two 
molecules  A. wh ich  do not in terac t  in the g round  state. 
In solut ions,  the  dimeric  s t ruc tu re  favorable for the 
o r ig ina t ion  o f  EF  arises upon  diffusion of  molecules  A. 
Obviously ,  the  probabi l i ty  of  this  process  increases with 
increase  in the  c o n c e n t r a t i o n  of  the molecules :  for 
a r e n e s ,  EF c a n  be o b s e ~ e d  at c o n c e n t r a t i o n s  of  
abou t  1 M.! 

The eff ic iency o f  excimer  gene ra t i on  is charac ter ized  
by the ratio of  El = intensi ty to the in tensi ty  of  m o n o m e r  
f luorescence  ( M F )  at their  m a x i m a  K = lexc/Irnow We 
used this coef f ic ien t  for quant i t a t ive  estimates.  

On passing to molecu la r -o rgan ized  systems o f  the 
hos t - -gues t  type,  the format ion  of  the cor responding  
d imer ic  s t ruc tu re  and  genera t ion  of  EF is no longer 
d e t e r m i n e d  by diffusion processes" instead,  they are 
d e t e r m i n e d  by the  probabil i ty  of  fo rmat ion  of  inclus ion 
complexes  c o n t a i n i n g  two A molecu les  whose mutual  
o r i en t a t i on  can  facili tate the fo rma t ion  o f exc i m er s ,  

For  n a p h t h a l e n e ,  its derivat ives,  and analogs,  the 
mos t  sui table  host  molecules  are cyclodextr ins  (CD)  z 

and,  in particular,  ~3-cyclodextrin (13-CD). Its mo lecu le ,  
shaped like a basket,  cons i s t s  of  seven c~-D-g lucopyra -  
nose umts  linked by ( I - - 4 )  g lucoside  bonds .  3 T h e  inter-  
nal wall in the cavity o f  [ / -CD has a h y d r o p h o b i c  na ture  
and the cavity can i n c o r p o r a t e  molecu les  o f  the  app ro -  
priate size upon a d s o r p t i o n  from aqueous  so lu t i ons  or 
directly from air. A n e c e s s a ~ '  c o n d i t i o n  for  the  fo rma-  
t ion of  the inclusion c o m p l e x  is that  the  size o f  the  guest 
molecule  should m a t c h  the  size of  the  [3-CD cavity.  
According to the c a l c u l a t i o n s  per[i~rmed prev ious ly ,  most  
naph tha l ene  derivati~.es as well as p h e n a n t h r e n e  and  
fluorene comply  with th is  r equ i rement .  4 

Excimer  f luorescence c a n  be exh ib i t ed  by two types 
of  complexes  c o n t a i n i n g  A and  C D  in 2 : I o r  2 " 2 ratio. 
In the former  case, one  , , -cyclodext r in  m o l e c u l e  cons i s t -  
mg of  eight glucose un i t s  has  a cavity large e n o u g h  to 
torm an inclusion c o m p l e x  with two A m o l e c u l e s .  5 The  
latter case implies a s soc i a t i on  o f  tv, o I : 1 c o m p l e x e s  to 
give a 2 2 complex,  z ,6 -8  Exper imen t s  show tha t  EF  in 
these complexes is obset~ 'ed at A c o n c e n t r a t i o n s  th ree  
orders of magni tude  lower  t h a n  that  r equ i red  for EF in 
homogeneous  solut ions.  9 However .  the f o r m a t i o n  o f  an 
inclusion complex with two A molecules  is no t  a suffi- 
c ient  condi t ion  for the  o c c u r r e n c e  o f  EF.  Fo r  EF to 
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arise, it is required that the planar A molecu les  be 
arranged parallel or nearly parallel to one ano the r ,  so 
that interaction o f a n  excited molecule  with a nonexc i t ed  
one  COtJld give a bound excited dinmr. There tb re ,  there 
can be 2 : I or 2 : 2 complexes whose EF is suppressed  
due to the nonparallel  or ienta t ion  of  arenes,  a l though  tt 
does occur  m a homogeneous  solution of  the A mol-  
ecules. 

The excimcr  l luorescence of  naphtha lene  and  some 
o f  its derivatives in homogeneous  solutions has been 
s tudied in detail, t~ h ~,as shown that only 1 , 8 - D M N  
fails to produce EF; this was explained by steric restr ic-  
t ions to the lbrmation of an exczted dimer. The exc imer  
f luorescence o f  napl~thalene clusters has been s tudied 
previously, t l - 1 4  The compet i t ion  between m o n o m e r i c  
f luorescence ( M r )  and EF was Iound lbr an e q u i m o l a r  
rnechanical  mixture of naphtha lene  and dimethyl- tz ; -CD 
heated in a tube. The former is entirely suppressed  at 
60- -80  ~ while only EF is manifested;  however ,  on 
heat ing above 90 ~ only M F  is observed, t5 

N a p h t h a l e n e  ( c o q c e n t r a t i o n  in wa te r  o f  <lO -5 
tool L --l) and ]3-CD (C = 1 0 - ; - - 1 0  -2 mol L ' ! )  forms a 
I : I inclusion complex exhibit ing M r .  For  n a p h t h a l e n e  
concen t ra t ions  of.>.10 -4 tool 1. -+, a 2 : 2  complex  is also 
f o r m e d :  this is a c c o m p a n i e d  by EF. t6 l - C h l o r o -  
naph tha lene  6 and 2-naphthyl-I-e thano117 behave  in a 
similar  way, whereas I - n a p h t h y l - l - e t h a n o l  does  not  ex- 
hibit EF. The EF of  q~clodextrins having subs t i tuents  
with a naphthalene  fragment has been s tudied previ- 
ously. 18-21 

The structures of inclusion complexes  have been 
little studied as yet. In a recent  publicat ion,  ~ it was 
shown that the size of the. 13-CD cavity is suff ic ient  to 
ensure free rotation of  excimerically fluorescing t - c h l o r o -  
naphtha lene  dimer,  whose volume was es t imated  to be 
0.2 nm 3. The structures of  f luorenone and x a n t h o n e  
complexes  with cyclodextrins were de t e rmined  by mo-  
lecular mechanics  calculations, zz 

In this work, we studied the relat ionship be tween  the 
structures of  13-CD complexes  with naph tha l ene  and 
some of  its derivatives, which  were d e t e r m i n e d  by 
M N D O / P M 3  quan tum-chemica l  calculat ions,  and  the 
results o f  experimental  measurement  of  flLtorescence in 
these complexes.  The purpose o f  this work is an a t t empt  
to predict the appearance of  EF based on the s t ruc ture  
of  the inclusion complex 

E x p e r i m e n t a l  

Compounds. Naphthalene (N) -hx  and N-d s as well as 
2,7-dimethyln'~phthalene (2,7-DMN) and 2-benzylnaphthalene 
(2--BN), whose fluorescence had not been studied previously. 
were used as guests for complexation with ]_t-CD. The com- 
pounds were purified by recwstallization; the degree of  purity,. 
was checked based on the absorption and luminescence spectra. 
[3-CD and -:,-CD (Cyclolab, Hungary.) were used as received. 
Doubly distilled water served as the sol,,ent. 

Preparation of complexes. An aqueous solution of 6-CD or 
7-CD (10 mL) with a concentration of 5 - l 0  -3 mol L-; was 

added to a quartz Itlbe 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 wails afler evapora- 
tion o i  a hexane solution. The isolated tube with tile resulting 
solution was held for I h on a water bath at 50 ~C and then 
slowly cooled to ~20 ~C. The solution was shaken at inter,,'al~,. 
This Ireatmet]t gave solutions containi]]g complexes in concen+ 
trat ions o f  10 -4 tool L - I  fiwr 2 . 7 - D M N  and 2-BN or 
5 " 10 -3 tool L- I for N-h,~ and N-d s. To Obl:lin N-h~, and N-d~ 
concentrations of l0 -a ,nc, l L -] in the comple'< the appropriate 
aqueous solutions were used and the sample of [3-CD was 
chosen in such a way that its concentration was 5 �9 l0 -3 rnot L-i. 
Naphthalene is highly volatile; therefore, the real concentration 
of substrates differed from the theoretica} one and was deter- 
mined frorn the absorption spectra of solutions of the complexes. 

Procedures. Absorption and fluorescence spectra were mea- 
sured on a Specord M40 spectrophotometer and an Elumin-2M 
spectrol luorimeter. Fluorescence was excited at a frequenc~ of 
35(}88 cm -~. The MF and EF maxmm for naphthalene and its 
derivatives lie in tile regions of 31000 and 25000 cm -I,  respec- 
tive!y 

Calculations. Semiempirical quantum-chemtcal calculations 
k~r substrate molecules: naphthalene, 2,7-DMN, 2-BN. and 
their l : t  and 2 :2  inclusion complexes with ff-CD, were 
carried out by MNDO/PM3 (below referred to as PM3) with a 
standard set of parameters zJ using the PC GAM ESS99 program 
package, z4 The HyperChem program 2s was used as a gr:~phical 
interf, ce for the preparation of input files and vL,,ualization of 
the results of calculations. 

Structure of the monomeric [~-CD. Previously, a we showed 
that f',-CD, constructed from seven identical glucose units, has a 
regular structure corresponding to the C? group of symmetry. 
The [~,-CD structure calculated in this work had a 0.5 kcal rooF : 
lower heat of formation (At 6. = -1468.4 kcat mol-II than that 
established previously Analysis of the structure of the O(7) 
heptagon constructed at the b~idging oxygen atoms connecting 
tile neighboring glucose unit~ makes it possible to estimate the 
degree of symmetry of the calcttiated structure. In the sym- 
metrical R)rm of ~3-CD, all the angles I,+) should be equal Io 
128.57 ~ and the figure should be strictly planar, i.e., the sc,,en ~ 
(O- -O- -O- -O)  dihedral angles should be equal to zero and [11c 
closed curve circumscribed about the heptagon should he a 
circle. In addition, the symmetrical structure ofl3-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 b~ the 
e[lipsicity C:) of the circumscribed circle fl: = RmajRmm, Rare 
{he radii of  the circumscrihed circle). The accuracy of fulfill- 
ment of the C7 symmetry operation and, hence, the qualiD of 
opumization are determined by the .,,tar~durd deviations (o) from 
the average bond lengths and angles: the more exact the sym- 
metry, of the molecule, the smaller the u values and the closer c 
is to unity ~g tot a circte ~s exactly unity). 

Comparison of the resulting values with published data 
demonstrates that the shape of the calculated ~-CD structure is 
vet), close to the syrnmetrical structure corresponding to the 
global minimum: 

]his work Ref. 4 Ref 26 
O/dog 128.57 128.5t6) 128.5{6) 
z/dog 0.0t/(4.1 -0.008_~4 89 12S.33+2.37 
~Hl'kcal mol - I  1468.4 1467.9 1459.65 
The structure of [~-CD dimers was calculated as follows. The 

structure of a natural product, bis-(l~-CD) ethyl cinnamate 
I~ydrate (BIDMOQI, was used as the initial structure for opti- 
mization. 27 In this compound, 13-CD occurs as a "head-to- 
hezld" dimer. In the calculations, tile hydration water and 
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substrate molecules were removed and the missing hydrogen 
atoms were added m the required or ientat ion.  The pauerns  o f  
formanon of the C D dimer  from [~,-cyclodext rins with right- (A) 
and left-oriented (8) H-bonds  are shown in Scheme I. 

Scheme I 

O O 

O O - H - - O  O - H  
'H H A 

', H ; H 

. %  'o--H-o b 

0 0 
0 0 

_o o o 
H - O  O - - H - O  O 

H' H' 8 

d 6-~--d O-H 

_o o O_ ofo_ 
0 0 

In the A case, 3 -OH groups are proton donors, while in the 
B case, these ;,re 2-OH groups. 

Full PM3 structure optimizat ion without an)' symmer re- 
strictions gave a highly symmetr ica l  "head- to -head"  dimer corre-  
sponding to the D: group of s.~mmetry. The  dimer geometry  
thus calculated was found to be close to the initial nali,,e 
structure. Thus the average distances between the oxygen a t oms  
of the two components  of  the d imer  cormecled  by h~drogen 
bonds, d(O...O), were iound to be 3.298 A in the calculated 
structure, whereas in the native dimer,  d(O...O) -~ 3.1 A. The  

Fig. !. Structure off ,he  I : I j . ' , -CD--naphthalene complex de-  
termined by M N D O / P M 3  calculations. 

Table !. Heats of  formation (Att/) of  ff-cycfodextrin fl3-CD;, 
I~-CD dimer,  naph tha lene  (N) ,  2 . 7 - d i m e t h y l n a p h t h a l e n e  
( D M N ) ,  2-benzylnaphthalene (BN) ,  I : I [~-C[)- N. 
f ~ - C D ' D M N ,  aml I ' , -CD 'BN inclusion complexes,  and 2 : 2  
2 ~ - C D - 2 N  and 2 ~ - C D - 2 D M N  inclusion complexes and the 
energies of  complexauon (2,K) calculated by the rvINDO/PM3 
met hod 

Molecule,  AHt .\E.. 

complex kc'd mol- I 

[~-CD -1468.4 -- 
2I~-CD -2945.4 -8.6,  
6 -CD.  N - 1440.1 -12.1 
[3-CD- DMN -1460.1 -13.2 
~ - C D ' B N  --14213 ~ 

-1421.W -13.1 
2I~,-C D �9 2tl -2886 .3  -30 .4  
2 f f -CD '  2DMN -2933.1 -12.9 ' :  
N 4042 
D M N 21.46 
BN 59.63 

Note a Ti~e energy of dimerization o f  # -CD.  
/"The I :1  complex of benzylnaphtha lene  with [~-CD; the 
naphthalene fragment is inside the cavity. 
CThe I: I complex of benzylnaphtha lene  with. [;-CD: the 
bcnzylic fragment is inside the cavity. 
" T h e  energy of dimerizalion of  the 13-CD" DMN complex. 

energy of dimenzatit~n calculated as the difference between {ac 
~t l f  value of the dimer and the doubled heat of formation of 
13-CD was equal to - g . 7  kcat tool -I (Table I). 

Calculatiuns q/1 : I inc/u,s'imt comph, xes of  ~-CD ~ere carried 
out as follows. The molecules o f  substrates,  vi.7., naphthalene,  
2 . 7 -DMN,  and 2-BN, were "inserted" into the I~-CD cavity at 
the graphical interface display, the resulting structural rite was 
converted into the input format lbr the GAM ESS program, and 
full geometry optimization was performed (Fig. I). The same 
rest, It can be obtained by display coupling ,,>( two I : 1 com- 
plexes to form a direct R)llowed by geometry optimization. The 
encrg)  of comptexauon,  _~E, was calculated as the diflL, rence 

AE = gH,,(compl)- .~H,(~-CD) - '~Hl(subst). 

Since two structures of complexes are possible lbr 2-BN. 
the energies of  complexation for isomeric structures are coin- 
pared (see Table I). where one of them has a benzyl fragment. 
while thc other has a naphthalene fragment inside the cavity 
(Fig. 2). The comparison showed that the two types of l :  ] 
complexes for 2-BN are indistinguishable from the energy 
standpoint, ,~E = -12.5 kcal tool - I .  The energy of the lbrma- 
tion of the inclusion complex of 2 ,7-DMN with ff-CD was 
-13.2 kcal tool - I .  

Arene dimers. "['he structures of the van der Waals dhners of 
arenes have been repeated!y studied ~see Ref. 2~ and references 
therein). In most cases, the equilibrium structures in the ground 
electronic state are characterized b.~ u T-shaped orientation of 
the aromatic rings in the dimer. However, the existence of EF 
requires parallel orientation of components. 

The PM3 calcuk,tion~ of the van der Waats dimer (WD) of 
naphthalene also result in a T-shaped orientation of compo- 
nents with a dimerization energy o f - I . 4  kcal mol-t ;  according 
to the Hessian calculation, this structure actually corresponds to 
the global minimum because it is characterized by 3N-6 r N = 36. 
the number of atoms in naphthalene dimer) positive harmonic 
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Fig.  2. Smmture of tile I : I 13-CD-2-benzylnaphthalene com- 
plex determined by M N DO/PM3 calcul,itions. 

fiequencies of vibrations. Note ['or comparison that the energy 
of the pyrrole WD with a similar onentalion of compo- 
nents  calculated by the perturbation theory amounts to 
--I.69 kcal mol-I.  2g The structure of the naphthalene dimer 
with a parallel sandwich orientation of lhe components and 
with a distzmce o f - 4 , 7  ,:-\ between the planes corresponds tcJ the 
saddle poin~ on tl~e po~enlial energy surface because it has one 

imaginary' vibration frequency. Its dimerization energy is equal 
to --0.15 kcal tool - l .  Since this value is fi)ur times smaller than 
kT. it can be inferred that in this orientation of componenls, 
naphtha lene  molecules  virtually do not interact in the 
ground state. 

We investigated the beha',ior of the naphthalerle ~VD in the 
cavity of the [.~-CD dimer  by a model calctHation. To this end, 
the T-shaped naphthalene VvD was placed into the central pan 
of  the ~3-CD dimer cavity and the resulting structure was 
optimized by Ihe PM3 method. During the geomelry optimiza- 

Fig. 3. Structure of" the 2 : 2 [3-CD--naphthalene complex de- 
termined by M N D O / P M  3 calculations. 

tion. Hie naphthalene dimer acquired a nearly parallel orienta- 
iion (Fig. 3). Thus. it was found that the smlctures of the 
2.7-DMN and 2-BN directs do not require preliminar3..' optimi- 
zation; it is sufficieut to calculate the parallel orientations of 
these substrates m the cavity of the [%CD dimer. 

Culculatmns of 2:2 inclusion complexes of I~-CD were per- 
formed by placing ~wo parallel N and 2.7-DMN molecules 
separated Oy a diskmce of ~4 .X imo the cavity of the I~,-CD 
dimer lbllow:~d by optimization of the complex geometw. In the 
resulting F, tructures, both components are ~,eparated by a mean 
distance o{4.7 A 

R e s u l t s  a n d  D i s c u s s i o n  

The naph tha lene -hs - - [3 -CD complex. The  fo rma t ion  
of  a complex  from n a p h t h a l e n e - h  s and  13-CD in a 
saturated aqueous solution is a c c o m p a n i e d  by mino r  
changes  m the absorption spectra .  In view of  the  arising 
light dispers ion,  the possible substant ial  e r ro r s  m the 
de t e rmina t i on  of  tile equ i l ib r ium cons t an t  o f  the  I : l 
compiex  can be understood.  29 However,  t he  complex  
format ion  results in p r o n o u n c e d  changes  in the  flt ,ores- 
cence spectra  if irradiation at 35877 cm - I  (>. = 285 am)  
is employed  for excitation. The  f luorescence  spec t r a  of  a 
saturated aqueous solution of" n a p h i h a l e n e - h ,  s (Fig. 4, 
curve f) and  its complex wi th  ~ - C D  (Fig. 4. curve 2, 
K --- 0.1) show the presence o f  two excimers .  T h e  opt ical  
density of  these samples at the  l ong -wave leng th  maxi-  
mum at 36120 cm -!  is equal  to 0.6, wh ich  c o r r e s p o n d s  
to a naph tha l ene  c o n c e n t r a t i o n  of  9" 10 -$ tool L -I  
These samples  are not true solut ions  o f  [l~e c o m p l e x e s  
because they contain micropact ic les  of  aggrega ted  c o m -  
plexes, which  are deposited with t ime on  the  cell bot -  
tom. After  shakillg the cell, a suspens ion  is p roduced  
and  the absorpt ion and f luorescence  spec t ra  change .  
Light dispersion appears in the  absorp t ion  spec t r a  and 
tile EF to M F  ratio (see Fig. 4, curve 3, K = 0.2)  in the 
f luorescence spectra markedly increases. E s t i m a t e s  show 
that  the change  m the ra t io  is not caused  by light 
dispersion.  This  means that  EF  is main ly  c o n c e n t r a t e d  
in l ight-dispersing aggregated complexes  w h o s e  size is 
fractions o f  microns,  which is much  larger t h a n  the  size 
of  the 2 : 2 complex. 

When the calculated n a p h t h a l e n e  c o n c e n t r a t i o n  in- 
creases to 5- 10 -3 tool L - i ,  the fo rmat ion  o f  t he  com-  
plex with ~ - C D  in solution (see the p r o c e d u r e  for the 
prepara t ion  o f  complexes) results  in e n h a n c e d  E F  o f  the 
mo the r  l iquor (see Fig. 4. curve  4, K = 0.29) ,  whi le  the 
M F in the resulting precipi ta te  is suppressed wi th  respect 
to the EF (see Fig. 4, curve 5, K = 4.9J. P h o s p h o r e s -  
cence spectra  cannot  be observed lbr the p rec ip i t a t e  not 
only at room temperature  but  also at 77 K due  to ttle 
compe t ing  EF. 3~ 

Only EF is obse~'ed for rmphtha lene  c o m p l e x e s  pre- 
pared by gr inding ~,eighed por t ions  of  the c o m p o n e n t s  
in molar  ratios ranging from I :  10 to t :  100. This  is 
apparent ly  due to the high local c o n c e n t r a t i o n s  o f  naph -  
tha lene  because  for complexes  prepared in s o l u t i o n  at a 
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I ire1. units} 
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0 7"~ ,  ........... 0 
35 30 25 v-103/cm -I 

Fig. 4. Fluorescence spectra {/-7)  and fluorescence excitation 
spectrum (,~') of an aqueous solution of naphthalene and its 
complex with l~-cyclodextrin in the region of 22000 cm -I (see 
the text). 

/ {rel. units) 

32 30 28 26 24 v" 103/cm -I 

Fig. 5. Fluorescence speclta ( ] -6 )  of an aqueous solution of 
2,7-dimefi~ylnaphthalene and its complexes with [$- and 
-r lsee ,,he text). Spectra 2, 3, 5. and 6 are shifted 
along the ordinate axis for clearness. 

naph tha l ene  concen t ra t ion  of  10 -a rnol l_ - I  arid a p - e l )  
concentrat ion of  2- 10 - 3 -  10 -2 tool L - I ,  MF  prcdomi- 
nates (see Fig. 4. curves 2 and 3). 

The naphthalene-ds--6-CD complex. The complex 
formed upon the addit ion o f  ~3-CD to a saturated aque- 
ous so lu t ion  of  naph tha lene-d  s ( D36:20 = I ) is character-  
ized by K = 0.57 (see Fig. 4, curve 6). For comparison,  
the c o m p l e x  of  naphtha lene-h  s in a lower (by 70%) 
c o n c e n t r a t i o n  has K = 0.I .  If the tbrmation of  excimers 
in the complexes  of  naphtha lene-h  s and naphthalene-d,  s 
with [3-CD is supposed to occur  with equal efficiencies. 
the d e p e n d e n c e  of  K on the arene concent ra t ion  sub- 
stantiaily deviates from the theoretical ctependence kno'an 
lor h o m o g e n e o u s  solut ions in which the K value shottld 
be inversely  propor t ional  to the concentrat ion.  31 

The 2 ,7 -DMN--13-CD complex.-1-he use of  a substi- 
tuted naphtha lene  should change the structures of I :  1 
and 2 : 2  complexes ,  which can have an influence on 
thei r  f luorescence .  Indeed,  the t luorescence spectrum of  
the c o m p l e x  o f  2 , 7 - D M N  with [~-CD does not exhibit 
EF (Fig.  5, curve l) due to the thct that the dimeric 
s t ruc ture  o f  the arene in the 2 : 2 complex does not bring 
abottt an in teract ion needed for the appearance of  
exc imers .  The  calcula t ion of  the structure of  the 2 : 2 
c o m p l e x  (see belov,) confirrns this explanat ion.  

It should  be noted that m homogermous solutions, 
2 , 7 - d i m e t h y l n a p h t h a l e n e ,  unlike 1 , 8 - d i m e t h y l n a p h -  
tha lene ,  does  exhibit EF. l 

S l lak ing  of" a sample containing the complex  affords 
a s l ight ly  turbid suspension:  only when the instrument 
ampl i f i ca t i on  for the recording of f luorescence  is in- 
c reased  by an o rder  o f  magn{tude, does the f luorescence 

spectrum display several weak narrow bands in the 
region where EF is normally observed, instead o f  the 
expected broad band (see Fig. 5, curve  2). The a s sump-  
tion that these bands are due  to impuritie,,, is not  
confirmed because neither the aqueous  solution of  {}-CD 
nor homogeneous solutions o f  2 , 7 - D M N  in e thanol  o r  
hexane exhibit luminescence  in this region. Howeve r ,  
similar bands were observed for a Freshly prepared  
saturated aqueous solution o f  2 , 7 - D M N  (see Fig. 5, 
curve 3); during storage o f  the solut ion,  the bands  
gradually disappear and the i r  na ture  has not been  
elucidated. 

After the sample has been s tored for several days, a 
structureless band appeared in the spectrum of a suspen-  
sion prepared from the precipi tate (see Fig. 5, cu~ 'e  45; 
this could be assigned to EF. Probably,  the tbrmat ion o f  
the dhneric structure inducing the EF is a long process  
because the opening through which the guest molecu le  
enters the ff-CD cavity is not sufficiently wide. However ,  
this band coincides with the band observed in the f luo- 
rescence spectrum of the product  o f  the dark react ion o f  
2 ,7-DMN in water (see Fig. 5. curve 5), while the 
fluorescence excitation spectrum in this region does not  
coincide with the excitation spec t rum observed in the 
N'I F region. 

Thus, no EF of 2 , 7 - D M N  in the complex with 13-CD 
c'm be observed, which is a c o n s e q u e n c e  o f  the c o m p l e x  
structure. However,  EF is clearly recorded for the c o m -  
plex of 2 .7 -DMN with , , -CD at a calculated c o n c e n t r a -  
tion in the solution o1 l - I 0  -3  tool L -I.  As for the 
naphthalene complex,  ),'IF in the precipitate is sup-  
pressed with respect to EF (see Fig. 5, curve 6). 
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The 2-benzylnaphthalene--[3-Cl) complex. The fluo- 
rescence spectrum of lhe 2-benzylnaphthaiene complex 
with 13-CD is similar to the spectrum shown in Fig. 5 
(curve I), i.e., no EF is observed for this complex even 
at high concentrations of 2-BN. The calculation of the 
complex structure presented below shows that the size of 
the molecule is such that either the benzyl or naphtha- 
lene moiety can lit into the {3-CD cavity, whereas the 
other moiety protrudes above the upper edge of the 
cavity isee Fig. 2). Therefore, dimerization of the com- 
plex in which two 13-CD molecules are linked according 
to the "head-to-head" pattern and contain two substrate 
molecules is unlikely. The formation of the 2 : 1  
~3-CD---BN complex in which one host molecule has a 
benzylic fragment in the cavib., while tile other one 
contains a naphthalene fragment appears more fikcly. 

The structure of inclusion complexes of naphthalene 
and its derivatives with 13-CD. The structure of Ihe 2 : 2 
naphthalene complex with I~-CD presents interest due to 
the l:act that the constant of association of the binary 
complex to the 2 : 2 dimer is veu h~gh (4- 10 -~ L tool-I), 
whereas the constant of formation of the b inau  complex 
of ~3-CD with naphthalene is 685 L tool - I  (see Rel: 16). 
In addition, according to the data of luminescence 
spectra, a compiex of this type appears to form when 
inclusion compounds are prepared by grinding the solid 
componenls  (see above). 

We perlbrmed calculations tot the 2 : 2  complex 
constructed as a "head-to-head" dimer of p-CD with one 
naphthalene molecule in the cavity of each ,O-CD mol- 
ecule (see Fig. 3). According to the calculation, the 
energy of the 2 : 2 !3-CD--naphthalene complex is ex- 
ceptionally high and amounts to -30.4 kcal tool -I with 
respect to the components. The subtraction of the ener- 
gies of two ,mphthalene molecules shows that their 
insertion into the cavity of the dimer should be accom- 
panied by energy expenditure equal to -16.8 kcal tool '1, 
which is smaller than tv, iee the energy of formation of the 
complex of t-~-C[) with naphthalene (-24.2 kcal mol-I) .  
The energy of association of two I : t complexes into a 
2 : 2  complex is estimated to be --6.1 kcal tool -1, which 
is somewhat smaller than the energy of dimerization of 
13-CD molecules without inclusions ( -8 .7  kcal rnol -I ,  
see Table I). Thus, according to calculations, associa- 
tion of binacy 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 
length of the naphthalene ring. Thus, the aromatic 
systems of the components overlap lifirly extensively. 
The average distance between the planes is 4.7 A. 

If the van der Waals radii of tile C and H atoms are 
assumed to be 1.7 and 1.15 ,~.,32 then the maximum 
length of the naphthalene molecule is 8.75 .,\. the width 
is 7.26 A, and the "thickness" is 3.4 A. The volume of a 
naphthalene molecule is 0.22 nm 3 and the volume occu- 

pied by a WD cannot be smaller than 0.44 nm 3. Hence, 
the value equal to 0.2 nm 3 for the volume of the 
naphthalene dimer in the cavity of the I?-CD dimer was 
underestimated by' Hamai 6 by a factor of at least 2, 
which may be due to tht: 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 tbund m tills 
stud}' to be 0.42 nm 3, is -0.1 nm ) smaller than the 
calculated volume occupied by the free naphthalene 
dimer with planar orientation of components. "l"hus, the 
naphfl~alene dimer located in the 13-CD cavity 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 orientation of  the naphthalene 
molecules found in calculations, v, hich implies overlap 
of not less than three-fourths of the x-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 round for the 2 : 2 complex 
of 13-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 meth,,I 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 either. 
This is explained by the size of ~t~e 2-BN molecule. 
Irrespective of whether the naphthalene or benzyl mot- 
et,, is inserted into the [3-CD cavity, the olher part of the 
molecule remains outsictr and can apparently enter the 
cavity of a second ~3-CD molecule to form the 
[~,-CD'2-BN complex (2 :1 ) ,  which tends to exhibit 
MF, as obse~'ed 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- 

Fig. 6. Structure of tile 2 :2  l';-CD--2.7-dimcthyinaphthalene 
complex determined by MNDO/PM3 calculations. 
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thalene and ils den,,atives are convened into other stable 
compounds exlnbiting structureless fluorescence in the 
same spectral region in which the FF of naphthalene is 
observed. This transfi~rmation of naphthalene was ob- 
served 5 days after its saturated solution in water had 
been prepared. In other cases, this required a month or 
longer periods. Neither heating to 50~ for 5 h nor 
irradiation with the nonliltered light from a DRSh-500 
lamp accelerated the process. This phenomenon was also 
observed in diethyl ether but not in hexane. The isolated 
product was insoluble in hexane but was readily soluble 
in water and ethanol. 

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

Identification of the products formed from rmphtha- 
lene and its derivatives was beyond the scope of our 
study but we still studied the spectral transti3rmations 
because they were among the reasons for the nonrepro- 
ducibilitv of the results of measurements of the El= of the 
complexes. 

Figure 4 (cun'es 7 and 8") presents the fluorescence 
spectra and the fluorescence excitation spectra of the 
t]nal product of the transformation of naphthalene in 
water. During the formation of this product, the maxi- 
r r l t ln t  of the fluorescence spectrum undergoes a bathe- 
chromic shift in the 24500--22600 cm -1 range. 

The linal product is also formed in an aqueous 
solution of the naphthalene complex with [~,-CD, which 
first induces an increase in the fluorescence efficiency in 
the region of 25000 ctn -~. This increase may also be 
reiated to an increase in the EF intensity because the 
processes of formation of 2 : 2  complexes can require 
substantial periods o(time. The measurements related to 
complexes are normally pert\~rmed at least 24 h after the 
required components have been mixed. The product of 
the dark reaction may form over periods of time of the 
same order, which hampers quantitative measurements 
of the EF. 

The concentration of arene in ~,ater is equilibrated 
with that in the CD complex; the equilibrium can be 
disturbed upon the formation of a stable product from 
the arene. Indeed. upon prolonged storage o~"an aqueous 
solution of the naphthalene complex with ~-CD, the 
naphthalene passes entirely into the product, as indi- 
cated by the changes in the absorption and fluorescence 
spectra. Similar reactions take place m aqueous so]tllions 
of the complexes of naphthalene derivatives with ~-CD. 
Thus, to preser',e the complexes intact, one should take 
measure.,, to prevent dark reactions of arches, for ex- 
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 El = to MF ratio. How- 
ever. F-CD itself can also form aggregates in aqueous 
solutions; the characteristic time of aggregation is se',eral 
days, which was confirmed by our measurements ~f the 
absorption spectra of an aqueous solution of [~-CD. 
Especially pronounced changes in the absorption of the 
solution take place in the tirst 24 h and are related to 
the formation and precipitation of light-dispersing 
aggregates. 

The preparation of samples according to one of the 
procedures implies the use of an aqueous solution of 
f",-CD: hence, the degree to which I~-CD is aggregated 
can inlluence the structure of the complexes lbrmed and 
their fluorescence. This should be taken into account for 
obtaining reproducible results of spectral measurements. 

During measurements, it was found that [3-CD can- 
not be stored close to naphthalene because of the ap- 
pearance of structureless fluorescence (which is retained 
alter keeping f3-CD at 50 ~C for 4 h) in the region typical 
of the MF of naphthalene. Apparently, naphthalene 
from the gas phase forms an inclusion complex 
with 13-C D. 

The tormation of inclusion complexes of n'~phtha- 
lene and its derivatives with [~;-cyclodextrin either en- 
hances the EF with respect to that in homogeneous 
solutions (N-h s and N-d s) or, in some other cases, 
prevents El-= (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. 
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