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Abstract - Three examples are described in which complexation ol organic
guests by a cyclodextrin (CD) alters the photophysical paths for excited stale
decay of the host-guest complex. The fluorescence properties of the complexes
between fB- and y-CD and the bichromophoric molecuie 1,1'-bis-(a-

naphthyimethyl)dithiane are presented to illustrate how complexation allers the
dynamics of conformational interconversion. The complexation of f-naphthol by
B-CD is shown by time-correlaied emission spectroscopy 10 prevent the adiabatic
deprotonation of the excited alcohol normally observed in aqueous solution.
Lastly, solid complexes of CD's and aromatic donor-acceptor molecules such as
p-nitroaniline (PNA) are shown to be active for generation of second harmonic
radiation (SHG) when irradiated by 1.06 p light from a Nd-YAG laser. Since PNA
ilself crystallizes in a centrosymmelric space group incapable of producing SHG,
the complexation method etlectively induces SHG activity in this polarizable, but
nonpolar material.

INTRODUCTION

Complexation of a substrate by a host can markedly influence the chemistry of
the guest. The elfects of complexation are important in biological and catalytic
processes, among others, in ground state chemistry. Our work concentrates on
delineating the effects manifested in excited state processes by compiexation. In this
paper we describe three effects ascribable to complexation of organic chromophores
by cyclodextrins [CD's]. (1.) Complexation which influences the relative population of
ground state conformers available for excitation. (2.) Complexation which directly
effects excited state radiationless decay processes. (3.) The effect of complexation on

solid state optical nonlinearity of polar materials.

COMPLEXATION AND MULTIPLE CHROMOPHORE INTERACTIONS

The general situation is illustrated in Scheme I, in which a cyclodextrin,

(CD) is considered in equilibrium with a potential guest, A, and its conformational
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isomer A’. The conformers A and A’ are assumed to be in rapid equilibrium. Two
complexation equilibria are possible, that between CD and A, and that with A'. Each
will have a characteristic binding constant. If the conformers A and A" exhibit
photochemical (or photophysical) properties that are different, then complexation by
CD could in principle be expected to favor one process over another (compared to the
relative proclivities of the uncomplexed substrate). Two possible explanations for
altered reactivity can be envisionned. In one, complexation could modify the

equilibrium constant (K A A') between the conformers, so that excitation of one

conformer was preferred. Alternatively, comlexation could influence in a more
fundamental way the radiative (k;) or nonradiative (kn,) rate constants for decay of the

excited state A* (or for A'). We present a clear cut example in which it can be shown

that the effect of complexation is to presslect one conformational isomer over others.
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The photochemistry of the multiple chromophoric molecule 1,1'-bis-(a-naphthyl-
methyl)dithiane, 1, and related molecules has been described by Arad-Yellin. 1 This
compound is typical of many 1,3-dinaphthylpropane derivatives 2 which exhibit dual
emission behavior. Excitation of solutions of such compounds gives fluorescence at
short wavelength, near 320 nm, from the naphthyl-localized aromatic chromophors, but
often also produces a broad, structureless emission at longer wavelengths (near 400
nm). Considerable evidence indicates that this emission originates from an excimer
state populated by geometrical reorganization of the predominant ground state
conformer, the extended conformer, through bond rotation to give a face-to-face
conformer in which the two aromatic chromophores can interact. Such emission was
observed for 1, Figure 1.1 Additionally, compound 1and its derivatives produce new

materials as a result of photoexcitation. The photoproducts of 1 result from C-S bond



Cyclodextrin complexation 1553

cleavage. Mechanistic studies support the pathway proposed in Schemae |l for this
process. Interaction of a naphthyl-localized singlet state with the electron-rich suifur
center occurs with (partial) charge transfer. This weakens the C-S bond of the dithiane
ring and allows cleavage. Electron demotion gives a diradical which is the common
intermediate to the olefinic and ketonic products shown in the scheme. Evidence for
the naphthyl-sulfur interaction comes from fluorescence studies. Table | lists
photophysical data obtained for 1 and for the prototype 1,3-bis-(a-naphthyl)propane,
and the mono-naphthyl model compound 1-(a-naphthylmethyl)dithiane, as well as the
"parent” chrompohore 1-methylnaphthalene. The data support the concept that the
photochemistry and photophysics of 1 are profoundly influenced by the conformational

relationships that can be attained between the various chromophores in the system.
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Fig. 1. Fluorescence spectra of 1 in n-hexane,
degassed (top) or in the presence of air
(middle) or oxygen (bottom). [1]=3 x 105 M,
excitation 280 nm.

We have found that complexation of 1 with 8- and y-CD significantlychanges the
photophysics and photochemistry observed.3 Pure, crystallineinclusion complexes of
1 and CD's can be isolated by mixing aqueous solutions of the CD with ethereal
solutions of 1 and allowing the organic solvent to slowly evaporate. X-ray powder
spectra, elemental analysis, NMR (1H and 13C) and IR spectroscopy all indicate that
new materials, not mixtures, are formed. Analysis shows the stoichiometry to be

approximately 1:1.
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1--vCD Complex

The fluorescence spectrum observed for the 1—~yCD complex is shown in
Figure 2. Comparison of this spectrum to that shown in Figure 1 for 1 in hexane
solution immediately shows that no short wavelength, naphthyl-localized emission is
observed for 1-4-CD. Only long wavelength emission, characteristic of the excimer
emission is noted. Further, the behavior of the emission of 1--y-CD in the presence of

various levels of oxygen is dramatically different than that of 1 itself. The emission of
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the parent compound 1 is quenched by the addition of air or oxygen (Figure 1). That of
1-y-CD is nearly unaffected by air or oxygen. This behavior strongly suggests that the
compound 1 is included within the CD in a manner that places both naphthalene rings

within the torus in a face to face orientation:

RELATIVE EMISSION INTENSITY

300 350 400 450 500
WAVELENGTH, nM

Figure 2. Fluoresecence spectrum of 1-y-CD (~ 10-
5 M), under nitrogen (top), air (middle) or oxygen.

Several other pieces of evidence support this picture.3 First, the emission
lifetime of the 1--v-CD emission is 50-70 ns, near that of the excimer lifetime of 1 itself
(Table I). Second, the emission of complex1--»-CD is prompt. That is, unlike
uncomplexed 1 whose excimer emission at long wavelegth appears, in a time-
correlated experiment, only after the initial extended conformer has time to rotate into
the folded conformation that favors excimer formation, the emission of 1--y-CD appears
immediately (during) the excitation. There is no kinetic delay associated with excimer
formation. Third, the complex exhibits an induced circular dichroism spectrum. A split
exciton band is observed near 227 nm. Such a feature is only to be expected from the
symmetrical face to face orientation of naphthy! groups.4 Finally, the complex 1-CD
is photochemically stable. This is consistent, within the mechanistic picture of Scheme
Il, with the inability of 1-y-CD to attain the correct conformation that favors naphthyl-
sulfur charge transfer. Within its lifetime, 1--y-CD is held in the face-to-face geometry.
No rotation is allowed without exiting the CD torus. That process is disfavored by the
hydrophobicity of 1 itself.

1555



1556

D. F. EATON

All the observations cited above compell the view that the 1--y-CD complex is
tightly held, within the CD ring, in the u-conformation in which naphthalene rings are in
proximity. The diameter of the ¥-CD interior, roughly 9 A, is large enough to
accomodate two naphthalene rings, whose thickness is about 3 A, if they are held
about 3 A apart. This is almost the ideal distance of separation for an excimer pair.
Turro has shown a similar ability of y-CD to accomodate a simple 1,3-
dinaphthylpropane,5 and two pyrene molecules have been included in cyclodextrins
by several groups.‘5 A smaller cyclodextrin cavity would not be anticipated to form such

a complex with 1. We have confirmed this to be the case for 1 and B-CD.

1--B-CD Complex

This complex exhibits emission only at short wavelength. No longer wavelength
emission characteristic of an excimer is observed. Figure 3 compares the emission for
1, 1--B-CD, 1--»CD and the model compound 2. The time-correlated emission
lifetime of 1--B-CD is two component. Degassed solutions of 1-8-CD show a long (53
ns) and a short (4.4 ns) lifetime in about equal proportions. In the presence of air the
longer lifetime is diminished only slightly (to 46 ns) while the shorter lifetime is reduced
to 2.6 ns. In comparison, the litetime of the B-CD complex of 1-methylnaphthalene is 39
ns {degassed) and 31 ns in the presence of air. Model compound 2 has a lifetime of 20
ns (in air) when complexed to B-CD. The complex of 1 with beta CD is
photochemically active. We conclude from these observations that there are two

distinct naphthalene chromophores in 1--p-CD: one is inside the CD cavity and one is

outside: .
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Figure 3. Emission spectra of the B-
and yCD complexes of 1 compared to
the emission of 1 and 2 in hexane. The
apparent vibrational structure in 1-y-CD
is due to the presence of crystallites.
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The "outside” chromophore is accesible 1o quenching by oxygen, so it must be
the one with the shorter lifetime. The "inside® chromophore is protected from
quenching by the kinetic barrier of the CD torus, and so its long lifetime is essentially
unetffected by the addition of air. That the shorter lifetime is associated with the
"outside” chromophore is also consistent with it being free to come into proximity to the
sulfur atom, which presumably shortens its lifetime through CT interactions and

contributes to the photoactivity of the complex 1--CD.

The remarkable effect of the complexation of beta CD with 1 is that it
differentiates the formally degenerate naphthyl chromophores of 1. They now act
independently of one another and presumably do not communicate slectronically. We

are currently seeking information on these points.

Wae conclude from the work just reported that complexation of CD's with multiple
chromophoric species such as 1 can markedly influence the molecular conformation
that is "chosen” for study. By carefully matching the CD cavity diameter to the space-
filling volume of a conformer, one effects near perfect selection of a high energy, folded,
u-shapedconformer, in the case of 1-yCD, over the more stable sickel-shaped
conformer normally present in solutions of 1. Similarly, the use of 8-CD selects the
extended conformers for inclusion, but enables one to differentiate the included from
the excluded chromophore by physical techniques. We expect that these new tools will

expand the ability of the photochemist to dissect complex photochemical pathways.

COMPLEXATION AND ADIABATIC PHOTOCHEMISTRY OF B-
NAPHTHOL

In the example to be discussed next we report that complexation of the aromatic
alcohol B-naphthol by B-cyclodextrin alters the radiationless decay pathways available
to the excited naphthol.

The dual emission of B-naphthol is a prototype for species which undergo
adiabatic prototropy on excitation in aqueous solutions of appropriéte pH. Waeller7. 8
observed that B-naphthol is a stronger acid in its excited singlet state than it s in its
ground state, and that the loss of proton from singlet excited naphthol produced the
excited state of the naphtholate. These observations form the basis for extensive use of

materials such as the naphthols to study the process of loss of electronic energy during
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proton transfer. Such studies can provide valuable information about the radiationless

processes that occur in hydrogen bonded complexes.

Excited B-naphthol has been extensively studied by steady state and time-
correlated emission techniques. Effects of solvent ,.9 pH, 10, 11 temperature12 and
other environmental additives, such as micellar hosts13 or crown ether complexes14 of
added bases, have been examined by others. In fact it has become common to usse
naphthol emission as a "pH probe” in order to determine the microenvironment

encountered by the probe in a sample of unknown bascitiy.

We wished to examine the influence of cyclodextrin complexation on the process
of proton loss in excited naphthol. Earlier work by Yorozu and coworkers!5 reported
the steady state emission of complexes of cyclodextrins and B-naphthol. Our work
extends and complements the Yorozu work, and provides a more detailed view of the
complexation process and its influence on the photohysics of -naphthol in the

inclusion environment by directly addressing the dynamics of the process.

Yorozu15 reported that the B-naphthol/B-CD complex is characterized by a
dissociation constant at pH 6.2 of 0.0016 M. A large, positive, induced circular
dichroism band was observed between 210 and 250 nm in the complex, and negative
bands were seen at longer wavelengths (near 270 and 330 nm). Emission quantum
yields for the protonated complex were found to be 1.4 times greater than the emission
yield for the uncomplexed naphthol, 1S while the unprotonated species was judged to
have unchanged emission yield as a consequence of complexation. The emission
lifetime of B-naphthol/ B-CD was stated to be 6.5 ns compared to 4.6 ns for the

uncomplexed, protonated alcohol, in aerated solutions at pH 6.2,

A more rigorous treatment of the two-state decay of B-naphthol, such as that
provided in the present work, is required to adequately analyze the complexation
process, but the preliminary analysis by Yorozu and coworkers is basically correct.
They concluded that the rate of deprotonation of B-naphthol is significantly slowed
within the CD cavity, and that the hydroxy| group is located within the cavity where it is

unable to interact with the aqueous environment. 15

We determined the dissociation constant for the equilibrium of B-CD and -
naphthol by the fluorescence enhancement method. 16 The dissociation constant at
23°C and pH 7.1 was found to be 0.009 M, a value only somewhat smaller than that
found by Yorozu at a more acid-pH. The deprotonated form does not bind to p-CD.

Figure 4 illustrates the changes observed in the fluorescence spectra of B-naphthol at
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pH 7.1 as B-CD is added, and the reciprocal plot of change in fluorescence intensity (

AF) versus increasing {CD] is shown in Figure 5.
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Figure 4. Emission spectrum of
p-naphthol in the presence of Figure 5. Double reciprocal plot
added B-CD. In water, [B-NpOH] of fluorescence intensity
= 5x105M; curve a, [CD) "Oé’g'M, enhancement observed for B-
0‘00844'“ M° 0.001 M;d. 0.002M; NpOH on addition of B-CD. See
e, 0.004 M. Fig. 4 for concentrations.

We infer from Figures 4 and 5 that the anionic naphtholate does not bind. This

contrasts with the view of Yorozu and will be discussed later.

We have examined the emission decay of the system B-naphthol/ B-CD using
single photon counting techniques.!7 Full solution of the time dependent kinetics of
the evolution of the various excited states of the B-naphthol/B-naphtholate pair has
been treated by other authors. Under conditions in which initial light absorption is
rastricted to one component, a simple biexponential decay is anticipated for the
emission associated with the protonated naphthol (it the excited state
protonation/deprotonation is reversible). A rise and fall {sum and difference of
exponentials) is expected for the emission of the naphtholate anion. For a more
detailed discussion of the naphthol system, see Laws and Brand1? and Lakowicz, 18
The more general case of multiexponential decay kinetics is described by

Zachariasse19 for intramolecular examples.

Figure 6a shows represantative decay data for f-naphtholatpH 7.2, ata

concentration of 5x10-5 M, for excitation at 280 nm and observation of emission at 340
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nm. Under these conditions, no naphtholate is present in the ground state before
excitation, and at the pH examined, the deprotonation is irreversible. Therefore a
single exponential decay is noted (Table il}. Figure 6a also shows similar data for the
same sampls, with the emission observed at 420 nm, a region in which the
naphtholate anion emits. A biexponential, rise and fall behavior is observed {Tabie iI}.
The data are entirely consistent with observations of others.?1 Under these conditions
a rate constant for the deprotonation of excited B-naphthol can be calculated?! to be
7x107 71,

Complexabe
lem 3y A 1z Az 13 Az ¥ DW
B-NpOH
320 nm 4.83 0.0964-- - -~ - 151 129
420 nm4.81 -0.1299.11 0.162-- - 115 1.79
320 nm 4.36 0.0285-- --  7.17 0.05611.27 2.20
420 nm 4.26 -0.07210.11 0.094 6.21 0.0108 1,09 2.19

(a) Excitation 280 nm; [B-NpOH] = 5x 10-5 M in water (degassed by purging
with nitrogen).

{b} [B-CD] =0.02 M.

(c} Lifetimas (1) in ns, obtained from single photon counting data.. D-W is the
Durbin-Watson criterion. In addition, all fits exhibited random residual and
autocorrelation plots.

In the presence of added B-CD (0.02 M), the observed emission decays are
different (Figure 6b and Table il). In the naphthol region (320 nm; Fig. 6b), a single
exponential fit is no longer appropriate. The data are best fit by a two-component
decay, one of which Is identical to that observed in the absence of the cyclodextrin (4.3
ns), and a new decay, 7.2 ns, with greater amplitude. For the emission region at longer
wavelength (420 nm, Fig. 6b), a three-exponential decay is found to best fit the data.
One pair of decay constants is identical to those found in the absence of the
cyclodextrin, and the other, at low amplitude is the near that calculated for the short
wavelength emission dacay, 6.2 ns. We conclud® that under the conditions of the
experiment, we are sampling a small amoun.t of emission from uncomplexed naphthol,
and a major component, with single exponential decay, emitting at short wavelength,
but not substantially at long wavelength. Thase data imply that the B-naphthol/3-CD
complex does not deprotonate nearly as efficiently as the free naphthol. This is as
concluded by Yorozu,15 but we favor a different intarpretation than that group of the
significance of the result, and do not agree with the method they use to arrive at their

conclusion.



Cyclodextrin complexation 1561

NpOH Emisssion Decay
s
8 B 340em
§ pulse
‘é o 420em
g
80
NpOH-CD Emission Decay
5
1
8 Pulse
s & 3400m
é B 420em
g

Figure 6 : (a) emission decay of B-NpOH (5 x10-5 M) in H,0,
excitation 300 nm, observed at 340 nm and 420 nm (top
panel); (b) emission decay of B-NpOH as in (a), but in the

presence of B-CD (0.2 M).

In the pH region below pH ~ 5, the lifetime of B-naphthol in water is
monoexponential and given by (eq 1). It is the inverse of the sum of the rate constants

for emission,

t=(kf + Knr + kp)! (N

radiationless deactivation and deprotonation. In order to determine k_j it is
necessary to know not only the lifetime of B-naphthol at the pH in question, but also the
value of the sum (k¢ + knr), which is independent of pH. Yorozu and coworkers, in their
derivation of the rate constant for the deprotonation of excited naphthol within the
cavity of the CD, use the steady state emission quantum yields for bound and free

naphthol and the observed lifetime of bound NpOH--CD (they observe 6.5 ns, which
is a weighted average of the components we extract) to calkeulate kn.15 Our data
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suggest that thare is no significant binding between naphtholate anion and B-CD, so
there is no meaning to a quantum yield for emission from this species. it is therefore

inappropriate to use this value in a calculation.

We observe a lifetime of 7.17 ns for the bound B-NpOH/3-CD complex (Table
Il; we consider the value obtained by observation of the 320 nm region emission more
precise than that at 420 nm). This value is identical to the value of the sum (k¢ + knr}
for B-naphthol determined by Laws and Brand.11 it is somewhat larger than the value
of the lifetims of B-naphthol in nonaqueous protic solvents such as methanol (5.9
nsSb), but smaller than the value in ethanol (8.9 ns) or in aprotic solvents, e.g.
cyclohexane (13.3 ns).20 Deprotonation does not occur in methanol or ethanol from
excited B-naphthol.8b

Woae suggest that the value of the lifotime we observe for the complex is
consistent with a complete supression of "deprotonation” and that it reflects the
inherent radiative and nonradiative decay of the molecule in the cavity, We conclude
that the intericr of the cavity of the cyclodextrin is very much like an alcohol medium, as
experienced by B-naphthol. Studies using other probes have concluded that the
polarity of the B-CD cavity is similar 1o that of ethanol.21, 22 We now suggest that the
proton acceptor ability of the cavity is also similar to that of ethanol. That is, the
basicity of the hydroxyl groups on the sugar subunits in the cyclodexirin is too low to
accept proton from excited naphthol within the cavity. A corrollary of this conclusion is
that the naphthol hydroxyl group is therefore associated with the CD structure and

does not intaract with the water solvent.

INCLUSION INDUCED SECOND HARMONIC GENERATION

The final example of the influence of complexation on the photophysical
processes of organic inclusion species is the startling observation of induced

potarization of an organic solid by incorporation into the solid state structure of B-
cyclodextrin.

General principles: molecular vs. bulk polarization

Nonlinear optics is the study of the interaction of electromagnstic fields with

materials to produce new fislds which are different from the input fisld in phass,
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frequency or modulation. The most familiar example to many chemists is second
harmonic generation, in which the frequency of the output field is twice that of the
incident field. Materials such as potassium dihydrogen phosphate (KDP) or
potassium titany! phosphate (KTP) are used routinely in laser systems to produce
frequency doubled light from, for example, the neodymium-YAG laser (incident light
1.06 y; output at 532 nm).

Recent activity in many laboratories has been directed toward understanding
and enhancing second and third order nonlinear effects in inorganic, organic and

polymeric materials. Several recent reviews aftest to the high interest in this area.23-
27

Effective second harmonic generation is attained in materials which have both
high molecular polarizability and high bulk polarizability. Molecular polarization is
described by the field dependent molecular dipole moment, u (eq 2), expanded as a
function of the applied field strength, E, which may be electric or optical (that is,

electromagnetic) in nature. The field strength E is a vector, and p is the intrinsic

dipole moment of

p=po+.E+BEE+yEEE+.. (2)

the material. Many organic materials are highly polarizable and are thus inherently
good candidates for second harmonic generation. However, because the field
strength is a vector, the equation for induced molecular polarization is not scalar, and
the constants in (2) are tensors. Second harmonic generation is in fact measured on
bulk samples which consist of ensembles of individual molecules. It is therefore
necessary to consider the bulk polarization of the material, which again can be

expanded with the applied field, as in eq. 3:

P=Py+ x(NE+x2.EE +%xB3)EEE+. (3

It can be shown27 that the odd-order terms in (3) are orientationally
independent, but that the even terms depend critically on the symmetry projections of
the individual molecular components of the polarizability on the field orientation. One
effect is that bulk materials for second harmonic generation must be
noncentrosymmetric. That is they must be members of an acentric space group. An
ancillary effect is that, while there is not a one-to-one mapping between the molecular
second order term (B) and the bulk coefficient [x(2)], the most advantageous

relationship between B and x{2) can be shown 27 1o exist for polar molecules which
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crystallize in point groups 1, 2, m or mm2. This is both an advantage and a
disadvantage for organic chemists interested in optimum materials for second
harmonic generation. The advantage is that it allows one to search crystal structure
literature seeking molecules which are members of only several of many possible
symmetry groups. This tack has been taken by Tweig28 in a systematic search for
suitable materials. The disadvantage of this approach is that it prevents the physical
organic chemist from choosing the BEST molecule (highest molecular polarizability),
because it may or may not crystalize in an appropriate space group. The technique
we have developed is one of dipolar alignment, in which a general, polarizable guest,
is inserted into a cyclodextrin host in a manner that ensures bulk acentric
orientation.29-31 A similar approach has been reported by a Japanese group32

independent of our own work.

Wae describe the principle for the specific example of the inclusion of p-
nitroaniline derivatives in B-cyclodextrin. Nitroanilines were chosen for study because
of their high inherent polarizability25 and analogy to known effective SHG active
materials (2-methyl-4-nitroaniline, MNA33), and the fact that p-nitroaniline itself is

centrosymmetric and therefore inactive for SHG itself.

Nitroaniline-cyclodextrin inclusion complexas

Addition of progressively increasing amounts of B-CD to p-nitroaniline (PNA,
3 x 10-5 M) in water results in enhanced and red-shifted absorption (Figure 7).

Benesi-Hildebrand analysis shows that the complex formed is 1:1

I A

° Gm 300 400 800
WAVELENGTH, am

Figure 7. UV spectra of PNA with added B-CD.
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and the formation constant is 160 M-1. The long wavelength absorption band exhibits
a positive Cotton effect when probed by circular dichroism spectroscopy. Since the
385 nm transition is associated with an internal charge transfer transition in PNA,
which has its transition moment along the PNA long axis of symmetry, the observation
of a positive Cotton effect indicates that this long axis of symmetry is oriented within the

cavity parallel to the CD ring axis.

The 1:1 inclusion stoichiometry is confirmed by NMR studies whichalso provide
further information about the orientation of the PNA within the B-CD cavity. The 400
MHz NMR spectrum, in the region of absorptionassociated with the cyclodextrin, of the

PNA-CD complex is shown in Figure 8.

80 38 36 34
8. o,

Figure 8. NMR spectrum of PNA-B-CD in H,O (top). The

sample was prepared from pure, crystalline complex. at the
concentration used, (~ 10-2 M), the major species present

(>95%) is the complex. A spectrum of B-CD is shown
(bottom) for comparison.

Proton assignments for the observed resonances are indicated in the figure,
and a spectrum of free B-CD are also shown for comparison. Under the conditions of
the experiment, the PNA is essentially entirely associated. Two features of the spectra
are relevant. First, the protons interior to the CD torus (H3 and Hs) shift upfield on

inclusion of PNA, while those on the exterior of the CD (Hq, Hp, H4 and Hg) are

relatively uneffected. This observation is only consistent with complexation within the
CD cavity. It excludes the possibility of simple association with the exterior of the CD
ring. Second, the low field region of the spectrum (not shown in Fig. 8), associated
with PNA protons, exhibits the following changes on complexation. The protons ortho
to the nitro group shift upfield by 0.06 ppm upon complexation with 8-CD, while the
protons ortho to the amino group are unshifted. We interpret these observation to

indicate that PNA enters the B-CD cavity preferentially from the secondary hydroxy!
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side of the CD and inserts the nitro group first. This deduction produces the picture
shown below for the PNA-B-CD complex. 1t is consistent with the observed

orientation of a similar complex between p-nitrophenolate and -CD.34

1* SI0E

R* SIDE

Pictoral View of PNA-3-CD Complex

Solid state properties of PNA--3-CD

Microcrystalline PNA-CD complex can be prepared and isolated in two ways.
Near-saturated aqueous solutions of B-CD can be treated with an equal molar amount
amount of solid PNA, stirred overnight and filtered to afford product. Alternatively, an
aqueous solution of CD can be overlayed with an ethereal solution containing an
equal molar portion of PNA and allowed to stand ovemight. Filtration affords
analytically pure 1:1 complex which includes variable amount of water of solvation.

X-ray powder diffraction analysis of the complex indicated it was an authentic
complex, not a 1:1 admixture of the starting materials. Solid state infrared studies
support the complex structural assignment. For example, the nitro bending mode
observed in uncomplexed PNA at 1282 cm~1 is seen in the complex at slightly higher
frequency {1300 em-1), but with a similar band shape and width (Figure 9).

4200.¢ Y T Y T Y Y Y Y Y

e A 5 L L i k L
BE00 LW LALD WO 1000 1330.0 UMOC 1IR0.0 MO0 WSO
frequencylem~1)

Figure 9. Infrared spectra of PNA {top) and PNA-B-CD

{bottom}, in the spectral region 1150-1450 cm-1. Samples
wera prepared in KBr from crystalline materials.
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The ability of powdered complex to generate second harmonic radiation was
demonstrated in the apparatus shown schematically in Figure 10. The technique is
based on the the method of Kurtz and Perry [35]. A Nd-YAG laser

1o

-

Figure 10. Schematic representaion of apparatus usd to measure

second harmonic generation. Components are described in the text.
(element 1 in Fig 10) was directed through an optical neutral density filter (2) to adjust
the light intensity. The beam then passes through a hole (3) in a parabolic mirror (4)
and illuminates a sample (5). Light emerging from the sample is collected by the
mirror and passed through beam spiitter 6. One portion of the signal is passed
through the optical narrow band-pass filter 7 (FWHM 10 nm) which passes light at the
second harmonic frequency only {532 nm). The second portion passes through filter 9
which is a broad band filter (FWHM 70 nm). Each portion of the split bsam is detected
with photomutltipliers (8 and 10). The detected signals are compared electronically.
Thus in each experiment, two channel detection is employed to discriminate against
spurious signals (fluorescence or scattered light) which can be generated.
Polycrystalline urea having an avaerage particle size of 90-125 um was used as a

reference material [25, 36).

In a serigs of experiments, microcrystalline PNA--B-CD complex was shown to
produce SHG with efficiancies of 2-4 times that of urea. By examining the SHG
efficiency as a function of particle size, the material was judged to be phase-

matchable.35
Other nitroaniline derivatives, and several other polarizable small organics,

have also been included within B-CD and their cyrstalline powders shown to

generate SHG. Table Il lists observed SHG efficiencies relative to urea.

Table Ill._Relative SHG Signals for Various Cyclodextrin Compl

Aromatic Guest Belative SHG Signal
p-Nitroaniline (PNA) 2-4
p-{N,Nj)-dimethylaminocinnamaldehyde 0.37
N-Moethyl-p-nitroaniline 0.25
2-Amino-5-nitropyridine 0.07

p-(Dimethylamino)benzonitrile 0.015
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Though none of the materials listed in Table 1l was better than the PNA-CD
complex, the results illustrate the generallity of the technique. This is particularly
important to note, since none of the organic guests themselves are capable of
generating SHG. Thus the host-guest inclusion methodology is capable of inducing
optical nonlinearity in situations in which molecular charactersitics would suggest that
the material would be useful, but the natural solid state structure prohibits their

effective use.

Solid state structure of PNA-8-CD

Crystals of the complex can be grown by slow diffusion of ethereal PNA into
CD solutions or by slow evaporation. However, water of hydration is retained in
varying amounts by the crystals depending on method of crystal growth. Data was
collected, but solution and refinement of the structure could not be effected because of
disorder in either the CD or the PNA.

For the many cyclodextrin inclusion structures that have been solved,37 two
main structrual types are normally observed, channels and cages. Among the channel
types, head to head or head to tail arrangement of CD units within the channels can
occur. For the cage structures, herringbone and brick-work arrangements are noted.
Figure 11 illustrates these common arrangements. Only the head to tail channel
structure or the cage structure is capable of exhibiting SHG. Crystals of those types

would be polar.

310!

Figure 11: CD crystal habits, after Sanger’.
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We have been unable to grow adequate single crystals of PNA-B-CD for x-ray
structural analysis. We therefore are unable at this time to assign a solid state
structure unambiguously. The SHG results do indicate unequivocally that the structure
is acentric. We currently favor the idea that a cage structure (head to tail) is the actual
solid state arrangement in PNA--B-CD. We are actively expanding the range of
inclusion matrices that can be used to effect dipolar alignment of polarizable organic

and organometallic species.

CONCLUSIONS

The work reported here has shown that inclusion complexation of erganic
chromophores by cyclodextring can profoundly influence the response of the material
to light. Molecutar photophysics can be altered in the complex by simple
conformational selection processes, or by changing the environment experienced by
the excited species. The interaction with light does not need to be resonant: inclusion
complexation can be used to alter the solid state properties of a bulk material and
make it active for second harmonic generation. Further advances can be anticipated

if not fully predicted.
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