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ABSTRACT

Cyclomaltoheptose (BCD) and cyclomalto-octaose (yCD) enhance the
dimerization of some cyanine dyes in aqueous solution. The presence and absence
of the enhancement is governed by the length of the linking chain, the presence or
absence of a bulky atom on the chain, and the size of the chromophore at each end.
These CDs accelerate the back-reaction of the photoisomer of some cyanine dyes
to the original conformer. The transient absorbance of the photoisomer shows a
single-exponential decay, indicating rapid equilibration of the photoisomer
included in the CD cavity and that in solution. For each of the dye~CD pairs with
enhanced dimerization, the lifetime of the photoisomer is shortened but the reverse
does not always obtain. The shortening of the lifetime of the photoisomer involves
the monomer dye included in the cavity of the CD.

INTRODUCTION

The ability of cyclomalto-oligosaccharides (cyclodextrins, CDs) to include a
wide variety of organic molecules in their cavities®* provides the basis for physico-
chemical phenomena that are sensitive to molecular association, such as monomer—
dimer equilibria or the formation of molecular complexes®S. In some cases,
molecular association in the electronic excited states, e.g., formation of an excimer
or exciplex”$, can be induced. CDs can also influence the conformational equilibria
of molecules’. When a CD affects the relative stabilities of conformers in the
excited state, modification of photochemical reactivity, e.g., that in cis-trans
isomerization of azobenzene!® or Norrish type I/type I behavior of alkyldeoxy-
benzoins!!, occurs.

Cyanine dyes are used as photographic sensitizing materials'2, mode-locking

*Reported briefly in refs. 1 and 2.
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and lasing media for lasers’®, etc., and many of their physical and chemical
properties are sensitive to the environment. The monomer—dimer (or higher
aggregate) equilibrium is sensitive to the presence of salts, organic solvents!4, or
such anionic detergents as sodium dodecylsulfate (SDS)!415. The photochemistry
of cyanine dyes is also influenced by the molecular environment. The fluorescence
and photoisomerization quantum yields depend strongly on the viscosity of
solvents'®. These environmental effects play a key role in the effective practical use
of cyanine dyes.

We now report on the effect of cyclomalto-hexaose (aCD), -heptaose (BCD),
and -octaose (yCD) on the states of aggregation and the lifetimes of the photo-
isomers of the cyanine dyes 1-14.

EXPERIMENTAL

Samples. — 3,3'-Diethyloxacarbocyanine iodide (1, DOC), 3,3'-diethyloxa-
dicarbocyanine iodide (2, DODC), 3,3'-diethyloxatricarbocyanine iodide (3,
DOTC), 3,3'-diethylthiacarbocyanine iodide (4, DTC), 3,3’-diethylthiadicarbo-
cyanine iodide (5, DTDC), 3,3'-diethylthiatricarbocyanine iodide (6, DTTC),
1,3,3,1' 3’ 3'-hexamethylindocarbocyanine iodide (7, HIC), 1,3,3,1'3"'3'-
hexamethylindodicarbocyanine iodide (8, HIDC), and 1,3,3,1’,3',3'-hexamethyl-
indotricarbocyanine iodide (9, HITC) (laser grade) were obtained from Dojin. 10-
Chloro-3,3'-diethyloxadicarbocyanine iodide (10, NK-1165), 6,7,6',7'-dibenzo-
3,3'-diethyloxadicarbocyanine  iodide (11, NK-2034), 3,3'-diethyl-5,5'-
diphenyloxadicarbocyanine iodide (12, NK-2035), 5,5'-dichloro-3,3'-diethyloxadi-
carbocyanine iodide (13, NK-2038), and 3,3'-dipropyloxadicarbocyanine iodide
(14, NK-2606) were obtained from the Japanese Research Institute for Photo-
sensitizing Dyes, Co. «CD and BCD (Nakarai) and yCD (Tokyo Kasei) were used
as received. Water was distilled twice.

Absorption spectra. — A Hitachi 200-20 recording spectrophotometer was
used at room temperature on aqueous solutions of dye at 5 x 10~3-5 x 10-M, and
of CD of 5 X 10-3M, unless stated otherwise.

Transient absorption and its decay. — The transient absorption was
monitored at 632.8 nm with a He-Ne laser (Spectra-Physics 155, 0.95 mW),
following pulsed excitation of the dye using a flash-lamp-pumped dye laser (width,
~1 A; power, ~1 ml/pulse; pulse width, ~0.8 us; repetition rate, 6 Hz) with
Rhodamine-6G (Kanto, laser grade) as a lasing dye. The exciting wavelength was
600 nm. The monitoring light was passed through the sample cell (Pyrex, 10 X 10 mm)
coaxially with the exciting light by the use of a beam-splitter. The attenuation of the
monitoring light was measured as a function of time after the exciting laser pulse
with a PIN photodiode (Hamamatsu Photonics S-1188). The scattered exciting light
was cut by a glass filter (Toshiba R-62). The signal was fed through a pre-amplifier
to a transient memory averager (Kawasaki Electronica, M-50/TMC-400), then
analyzed by a microcomputer, and displayed on a chart recorder. The con-
centration of the dye was 10-°M for 2 (DODC), and 2 x 10~°M for the other dyes.
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For 5 (DTDC) and 8 (HIDC), which have the absorption band of the original
conformer at the monitoring wavelength (632.8 nm), the rate of decay of the photo-
isomer was measured by the recovery of the absorption of the original conformer.
The exciting light was cut by using a monochromator (Nikon G-250). The dye con-
centrations used were 8 X 1076 and 2 x 10-%M for 5 and 8, respectively, and [CD]
was 5 X 10~3M. The temperature of the sample solution was controlled by using a
jacketted cell. The transient absorption spectra of 2 (DODC) were measured by a
flash-photolysis apparatus, using a cell with a path length of 10 cm; [2] was 5 X

10-™M.

Molecular mechanics calculations. — An MM2 program was used with
FACOM-760 and FACOM-780 computers set up in the Mi’e University Informa-
tion Processing Center and Nagoya University Computing Center, respectively.
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TABLE 1

THE ENHANCED DIMERIZATION BY aCD, 8CD, anp yCD

Dye aCD
(4.5 A4

yCD
(8.5 A)s

™
~
S5
=
1~

1(DOC) b
2(DODC)
3(DOTC)
4(DTC)

5 (DTDC)
6 (DTTC)
7 (HIC)

8 (HIDC)

9 (HITC)

10 (NK-1165)

12 (NK-2035)

13 (NK-2038)

14 (NK-2606)

>

X OOR O % O OO
DO0CO** OO0 O0O

MoM M M B B D M X

“Diameter of cavity; ref. 3. #x, no enhancement; O, enhancement.
RESULTS AND DISCUSSION

Enhanced dimerization. — Absorption spectra of the 10-yCD system for
various concentrations of yCD are shown in Fig. 1. The absorption band observed
in the absence of yCD is the monomer band, since the dye concentration is low
(10-3m), and increase of the concentration of dye resulted in the appearance of the
dimer band at shorter wavelength and concomitant weakening of the monomer
band. The dimer band of the dye appeared on the addition of yCD. Examples of
absorption spectra of some dye-CD systems are shown in Fig. 2. Enhanced
dimerization is shown by the appearance of the dimer band on the addition of the
CD. The results are summarized in Table 1.
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Fig. 1. Absorption spectra of the 10—yCD system: [10] 10~*m, [yCD] 0 (1), 10~"M (2), 10~*M (3), 1073m
{4), 1072m (5).
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Fig. 2. Absorption spectra of some dye-CD systems: (1) 2 (DODC), (2) 12 (NK-2035), (3) 14 (NK-
2606), (4) 10 (NK-1165), (5) 8 (HIDC), (6) 9 (HITC). Curves a-d are without CD, with aCD, with
BCD, and with yCD, respectively: dye, 2 x 10~5M; CD, 5 x 10-3m.
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As is clear from the data in Table I, aCD does not enhance dimerization,
presumably because the diameter of the cavity? (0.45 nm) is too small. In contrast,
yCD (diameter of cavity3, 0.85 nm) enhances dimerization for most of the dyes
studied, and its failure for 7 and 8 can be ascribed to the presence of bulky end-
groups. However, yCD enhances the dimerization of 9, which has the same end-
group as 7 and 8, but a longer linking chain. The enhancement of dimerization by
BCD (diameter of cavity?, 0.70 nm) does not occur for dyes with a CH=CH-CH
linking group (1, 4, and 7), a bulky end-group (8), a sulfur atom on the indole ring
(5), an N-propyl group (14), or a bulky atom in the linking chain (10). Thus, the
occurrence of dimerization is governed by steric factors and, empirically, appears
not to occur for dyes with (@) a bulky end-group or a bulky atom on the linking
chain, and (b) a short linking group. Thus, steric hindrance seems to be an
important factor in the formation of an inclusion compound. Comparison of § and
6 (or 8 and 9) suggests that the bulky end-group that hinders the enhancement of
dimerization for the dye with the shorter linking group (5 or 8) does not hinder it
for the dye with the longer linking group (6 or 9).

Many cyanine dyes form dimers or higher aggregates in concentrated solu-
tions. For many typical cyanine dyes, the decrease in free energy upon aggregation
is relatively small, so that small changes in the properties of the solvent or the
presence of organic additives affects the aggregation equilibrial?2. Additives such as
urea, phenols, alcohols, efc. diminish the effective dielectric constant of a solvent
and enhance the repulsion between similarly charged dye ions, resulting in their
deaggregation'. The deaggregation of rhodamine B, a xanthene dye, by SCD has
been observed!” in an aqueous solution with the enhancement of the laser action of
the dye. Two molecules of anthracene sulfonate can be included® in the cavity of
vCD. Two molecules of Crystal Violet, Methylene Blue, and Methyl Orange can
be included® in the cavity of yCD, but only one in that of SCD. 2:2 Inclusion
complexes have been reported® for the systems naphthalene-BCD and 2-
methoxynaphthalene—BCD. In the present study, the dimerization of some cyanine
dyes was enhanced by the addition of BCD or yCD.

Distribution of monomer DODC (2) between the aqueous phase and the cavity
of BCD. — There were only small changes in the spectra (Fig. 2) when the con-
centration of BCD was varied for a fixed concentration of dye, and these could be
attributed to changes in the polarity of the solvent. Remarkable enhancement of
fluorescence has been reported?® for aqueous solutions of some benzene derivatives
on the addition of CD and this effect was used to determine the equilibrium con-
stant. However, there was little change in the fluorescence quantum yieid (¢y) of
the monomer dye 2 on the addition of BCD. The non-radiative decay of the first
excited singlet (S,) state of 2 in solution at room temperature is dominated by the
photoisomerization process, because the quantum yield of the inter-system crossing
to the triplet state is low (¢ <5 X 1073 in ethanol)?! and because the S, — S,
internal conversion is not important compared to the photoisomerization at room
temperature and above?. Therefore, little change in ¢ implies little effect of 3CD
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on the photoisomerization in the S, state. However, BCD accelerates the back-reac-
tion of the photoisomer to the original conformer in the ground state, as shown
below by the shortening of the lifetime of the photoisomer. An alternative, and
more probable, explanation is that monomers of the original conformer of 2 are
present almost exclusively in the aqueous phase. In other words, the equilibrium 2
+ BCD = 2-BCD is shifted markedly to the left. It is difficult to believe that the
monomer 2 is hardly incorporated in the CD cavity of BCD, whereas the dimer is
incorporated. However, the simulation of the absorbance at the wavelength of
dimer absorption band vs. [BCD] (shown below) indicates that the concentration
of monomer dye incorporated in the cavity of BCD is much smaller than that of the
monomer dye in the solution.

Type of dimer for DODC (2). — There are two possible types of dimer,
namely, D,~CD and D,~(CD),. In order to determine the identity of the dimer, the
variation of the absorbance at the wavelength of the dimer band for various con-
centrations of BCD, with a fixed concentration of 2, was studied. The resulting
curve was analyzed as follows:

(a) D,~CD. The relevant equilibrium is

K K,

2D + 2CD = 2(D-CD) = D,CD + CD (1)
K, = [D-CDJ{[D][CD]} @
K, = [DZ—CD][CDj[D—CD]Z 6))
KK, = [D~CD}/[DP{CD] o)

Equations 5 and 6 hold for these concentrations and the total initial concentrations
[Dy] and [CD),

[(D¢] = [D] + [D-CD] + 2[D,CD] ©)]

[CDy] = [CD] + [D-CD] + [D,CD] )
where the concentration of dimer in the aqueous phase, [D,], can be neglected,
since the total concentration of dye is low and the dimer band does not appear
without the addition of CD.

The absorbance at the dimer band is

A = (gp[D] + ep_cp[D-CD] + SDZ—CD[DZ—CD])L’ %)

where ¢ is the relevant molar extinction coefficient and L is path length.
From these relations, the A vs. [CD]curves in Fig. 3 can be simulated, taking
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Fig. 3. The dependence of absorbance at the wavelength of the dimer band of 2 (DODC) in the 2-8CD
system as a function of [3CD] (@), and its simulation assuming two models for CD-enhanced formation
of dimer: , model (@); and ------ , model (b) (See text).

ep,-cp; K, and K as adjustable parameters and assuming that £,_cp = ep. The
best-fit result is shown by the solid line in Fig. 3. The best-fit [CD], [D], [D-CD],
and [D,~CD] for each [CD,] are given in Table II. The equilibrium value of [D-
CD] is small (by approximately one order of magnitude) compared with that of
[D—CD|.

(b) D,~CD,. A similar treatment for the equilibrium

K K;
2D + 2CD = 2(D-CD) « D,-CD, (&)
and absorbance
A = (ep[D] + &p_cp[D-CD] + SDZ-CDZ[D2_CD2])L 9

TABLE I1

BEST-FIT VALUES OF [CD], [D], [D—CD], aNDp [D,—~CD] IN EQUILIBRIUM FOR EACH VALUE OF [CD,] BY
SIMULATION (a) (M) (SEE TEXT)

[CDy] D] (D] [D-CD] [D~CD]

1x 105 9.75 X 106 1.98 x 10-3 6.90 x 10-° 2.39 % 10-7
2 x 10-5 1.95 x 10-3 1.94 x 105 1.35 x 10-8 4.57 < 107
5% 103 4.90 x 10~ 1.82 x10-5 3.18 x 108 1.02 x 10-¢
1x 104 9.82 x 10~3 1.68 x 10-5 5.88 x 108 1.73 x 10~
2x 104 1.97 x 10~4 1.48 x 105 1.04 x 107 2.70 X 10-¢
5x 104 4.96 x 10~* 1.17 x 105 2.06 x 10-7 4.21 x 10-¢
1x10°3 9.94 x 10 9.28 x 1076 3.29 x 107 5.34 x 10~
2 x 1073 1.99 x 103 7.14 X 10-¢ 5.07 x 107 6.33 x 10-¢
5% 103 4.99 x 10-3 4.84 x 10-6 8.62 x 107 7.30 x 106

1 x 1072 9.99 x 1073 3.53 x 10~ 1.26 x 10— 7.76 x< 10~
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leads to the best-fit simulation curve presented by the broken line in Fig. 3.

The results of these simulations favour the formation of D,~CD. The values
of best-fit K;, K,, and &j, _¢p, in the simulation (a) are 36 M~1, 4.9 X 10¢, and 6.0 X
10° Mm~l.cm™1, respectiveiy. The value of K,2K, (6 x 107 M~2) is comparable to the
corresponding value®® (2 x 107 M~2) for yCD—(Crystal Violet),.

The simulation curve for (b) does not reproduce well the experimental points.
The curvature in the lower and higher ranges of [8CD] is too large, and the rising
tendency of experimental points in the highest concentration range is not
reproduced. Moreover, the experimental data on the enhanced dimerization,
mentioned above in the form of an empirical rule, argue against the D,~(CD),
structure. The fact that aggregation was observed only for dyes with sufficiently
long linking chains and/or non-bulky end-groups strongly suggests that the
connecting chain is contained within the cavity of the CD and the end groups are
located outside. Since the linking chains cannot thread two CDs, the D,—(CD),
structure is ruled out.

Molecular mechanics calculations. — The incorporation of two molecules of
dye in the cavity of BCD is feasible energetically when the destabilization due to
expansion of the CD annulus is compensated by the gain in energy due to hydro-
phobic stabilization plus dimerization of the dye. This aspect has been studied by
molecular mechanics (MM) calculations?.

A preliminary calculation has been made of the stabilization energy for the
reaction of DOTC (3), 3-8CD + 3 — (3),~BCD using the MM2 program. The
reaction co-ordinate was chosen as shown in Fig. 4. One of the two molecules of 3
is fixed in the cavity of the BCD and the other approaches the cavity along the x
axis. The molecular geometry of the total system (including BCD) was optimized
for each value of x. The calculation took into account van der Waals and dipole—
dipole interactions but not the positive charge on 3, which causes charge—charge
and charge—dipole interactions, the effect of hydrogen bonding, and the effect of
the surrounding water molecules. The calculated total energy of the system is
shown in Fig. 5 as a function of x (A). The total energy decreases as the second
molecule of 3 approaches the 3-8CD complex. However, a potential barrier (~50
kJ.mol-1) appears at the position where the bulky head group of the second
molecule enters the cavity of the BCD. The optimized molecular geometries at the
positions a—c in Fig. 5 are given in Fig. 6. As the bulky head group of 3 enters the
cavity of the BCD (i.e., b in Fig. 6), the annulus of the BCD expands in one direc-
tion and shrinks in the other. The calculation gives a stabilization energy (the
energy gain on the accommodation of the second molecule of 3 in the cavity of the
BCD) as large as ~170 kJ.mol~! (Fig. 5). The experimental value of AH for the
reaction 10-yCD + 10 — (10),~yCD is ~31 kJ.mol~!. Therefore, a more realistic
value of the stabilization energy for the reaction 3-8CD + 3 — (3),-BCD may be
in the range 2040 kJ.mol~!. The large value of the calculated stabilization energy
is probably due to neglect of the factors mentioned above, particularly the positive
charge on 3. Moreover, inclusion of positively charged 3 in the cavity of BCD causes
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Fig. 4. The reaction co-ordinatc used in the molecular mechanics calculation of the reaction 3-CD +
3 (3)-BCD.

a significant loss of stabilization of the dye in the polar aqueous phase. Improve-
ments of the calculations are being studied. However, the height of the barrier,
~50 kJ.mol-!, is dominated by steric hindrance and, therefore, its value must be
essentially free from the factors neglected in the present calculation. Such a barrier
seems to be small enough to be surmounted. Therefore, the formation of (3),-8CD
is allowable on energy grounds. A similar situation can be expected for the other
dyes.

’ Transient absorption due to the photoisomer of 2 (DODC). — The photo-
isomerization of cyanine dyes in fluid media has been studied in relation to their
mode-locking action!'’. The photoisomer has a characteristic transient absorption
band at a wavelength longer than that of the orginal conformer. For 2, the peak of
the transient absorbance of the photoisomer in aqueous solution appears near 615
nm {cf. 575 nm for the original conformer). In the presence of 5 X 10-3M BCD, the
peak of the transient absorption shifted to 617 nm (¢f. ~620 nm in ethanol’?).

Decay of the transient absorption of 2. — The observed decay of the transient
absorbance of 2 in the 2-BCD system was single exponential for 2 x 10-2M BCD at
10-30°. The rate of decay increased with increase in [8CD] as shown in Fig. 7. The
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Fig. 5. Total energy obtained by the molecular mechanics calculation on the reaction 3-BCD + 3 —
(3),-BCD. Arrows a—c correspond to the three types of molecular geometry shown in Fig. 6.
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Fig. 6. Optimized molecular geometry for a— in Fig. 5. Note the large distortion of the BCD ringinb.

rates of decay for the 2-aCD and 2-yCD systems are given in Fig. 8. Apparently,
aCD does not affect the rate of decay and the effect of yCD is comparable to that
of BCD.

Mechanism of the photoisomerization of 2. — The mechanism of the photo-
isomerization of cyanine dyes in their first excited singlet (S,) states has been
studied in considerable detail. Schematic potential energy curves can be
drawn?>24% that are characterized by a potential barrier which the photoisomer in
the ground state surmounts in the back-reaction. The rate of the back-reaction
depends on the viscosity of the solvent!®.
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Fig. 7. Dependence of the lifetimes of the photoisomer of 2 on [BCD]: (2] 10-%m; O, 10.2°; @, 17.9%;
A, 22.0°; A, 32.3° The solid lines are simulated curves.
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Fig. 8. Dependence of the lifetimes of the photoisomer for the 2-aCD and 2-yCD systems on [CD]:
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Fig. 9. A schematic model for the photophysics of 2 (DODC). Solid lines, 2 in the aqueous phase (D
or P in the text); broken lines, 2 in the inclusion complex with SCD (D-CD or P~CD in the text).
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Two sets of potential energy curves must be considered relevant to dye
molecules in aqueous solution and in the cavity of the CD. Schematic potential
energy curves are shown in Fig. 9. Some of the original conformer of the dye (D)
in the aqueous solution is excited and gives the photoisomer dye (P) in the ground
state, and some (D-CD) in the cavity of the CD is excited and gives the photo-
isomer dye (P~CD) in the ground state in the cavity. In the following scheme,

kl
P + CD 2 P-CD
k_y
L kw ‘l’ kCD

D+CD D-CD

k; and k_, are the rate constants for the association and dissociation of the photo-
isomer and BCD, respectively, and k,, and kqp are those for the respective back-
reactions. The rate equations for P and P-CD are

d[P)/dt = k_,[P-CD] ~ (k, + k,[CD])[P] (10)
d[P-CDY/dt = k,[P][CD] — (kep + k_)[P-CD] (11)

A double exponential decay, with the decay constants k, and kqp, is expected
because P and P-CD have an overlapping transient absorption at the monitoring
wavelength. However, only a single exponential decay was observed for the 2-8CD
system for the range of [8CD] studied. The observed rate of decay increased with
the increase in [BCD].

The relevant kinetics can be analysed by reference to the treatments?-2 on
the decay of phosphorescence in the presence of association—dissociation equilibria
between phosphorescence probes and micelles, and that? associated with inclusion
equilibria of phosphorescent detergents in the cavities of SCD and yCD. If steady-
state conditions are assumed for [P], i.e.,

d[P)/dt = Q,
then, from equation 10,
[P] = k_,[P-CDJ/(k,, + k,[CD]) 12)
The fractions (@ and I — a, respectively) of P-CD and P are given, respectively, by
a = (k, + k[CD]ik, + k[CD] + k_,) (13)

and
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1 —a=k_ [/(k, +k[CD] + k_,) (19)

The steady-state treatment on [P-CD] gives corresponding formulae which include
kcp. The observed decay is for the total of [P-CD] and [P], and is given as

— d([P-CD] + [P])/dr = kep[P-CD] + k[P]
= {akcp + (1 — a)k,} ([P-CD] + [P] (15)

The rate constant for the decay is
Vr = {keplk, + K|CD]) + kyk_,}(k, + kK [CD] + k_y). (16)

Assuming, in addition, that k,[CD] and k_, are much larger than k,, or k-, gives,
instead of equation /2,

{P] = £_,[P-CDVk [CD]
or
[P-CDV/[P][CD] = k/k_, = K (17)
The fractions of P-CD and P are now given as
a = K[CDJ/(K[CD] + 1) (18)
1 —a=1/(K[CD] + 1) (19)

The equation for the decay of [P-CD] + [P] changes accordingly, and the decay
rate constant is

Ur = akep + (1 — adk,
(kepK[CD] + k,)(K[CD] + 1) 0)

Il

The values reported?®? for the rate of complexation, &, fall in the range of 107-10°
M~1s71. Since [CD] = 5 x 10-*M, the values of £,[CD] should be 10*~107 s~!. The
reported®® values of the rate of decomplexation, k_,, are 10°~10° s~'. Therefore,
the values of k,[CD] and k_, can be considered to be large enough to support the
above assumption.

Shortening of the lifetime of the photoisomer of 2 on inclusion in the cavity of
BCD. — Based on the model presented here, the curves for the observed rate of
decay vs. [BCD] for a fixed [2] in Fig. 7 were simulated, taking k. and K as
adjustable parameters. The ., values used were those corrected for the increase in
the viscosity of the solvent by adding BCD as follows. There was a small extension
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of the lifetime of the photoisomer on the addition of «CD, which does not include
the dye (e.g., 2.04 ms for [CD] 10mM; ¢f. 1.96 ms in water, at 16.7°). This effect
can be attributed to a small increase in the viscosity of the solvent. The &, = 7,7}
values used in the simulation were those measured in the presence of aCD, at the
same concentration and temperature as for BCD.

Activation energies and thermodynamic quantities for 2. — The values of 7
= kcp~! obtained by this simulation are plotted in Fig. 10 against reciprocal
temperature, in comparison with 7, = k,~! (experimental values for an aqueous
solution) and 7gpg = kgpg~! (experimental values in 10-2m SDS). The activation
energies of the back-reaction obtained from this Arrhenius plot were 45 £2, 54 +2,
and 65 +2 kJ.mol~! for the P — D process in the cavity of SCD, in water, and in
solution in the presence of SDS, respectively. These values are similar. The values
of the equilibrium constants K increase with temperature as shown in Fig. 11, which
shows that P-CD is less stable than P + CD. Using the relation

AG = AH — TAS = — RTInK 21

the enthalpy and entropy changes AH = 12 £2 kJ.mol-! and AS = 84 %7
J.mol-1K~? were obtained. The instability of P-CD compared to P + CD is the
result of increased steric repulsion on photoisomerization.

Does the enhanced dimerization affect the shortening of the lifetime of the
photoisomer of 27 — As discussed above, the enhancement of dimerization and the
shortening of the lifetime of the photoisomer occur for the 2-BCD system. If the
dimer dye (D,-CD) incorporated in the cavity of BCD gives the photoisomer to
any substantial extent, the process D,~-CD + hy — DD*-CD — DP-CD will be
important and the equilibrium DP~CD 2 P-CD + D or DP-CD 2 D-CD + Pin
the electronic ground state must be taken into account (the asterisk connotes the
excited state). The kinetics of the decay of the photoisomer will be affected then by
the equilibrium D-CD + D & D,~CD. However, this is not so, because the
observed rate of decay of the photoisomer was invariant with the change of [2] and
excitation wavelength from the monomer to the dimer band for a fixed [3CD]. This

PN

Lifetime(ms)

o
w
\
L

0.2 V

1 - 1
0 33 3.4 35

10371k

Fig. 10. Arrhenius plot of 7, (O), 7cp (@), and 7455 (B) for the 2-BCD system.
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Fig. 11. Temperature dependence of the equilibrium constant K for the 2-8CD system.

finding can be explained by assuming that the quenching of D* in DD*~CD to give
D,~CD is much faster than the non-radiative path DD*-CD — DP-CD, or that
DD*~CD quickly loses one dye molecule to give D*~CD or D-CD. Each process
would result in a small steady-state concentration of DP-CD.

It is concluded that the dye molecules involved in the photoisomerization
process are essentially those incorporated in the cavity of the CD> as a monomer.

Shortening of the lifetimes of the photoisomers of the other dye-CD pairs. —
The results are given in Table II1, together with those for 2. «CD does not affect
the lifetime, which indicates that not even the monomers of these dyes are included.
BCD or yCD shortened the lifetimes of the photoisomers of all of the dyes, except
5-BCD. The shortening of the lifetimes implies that the dye monomer can be
incorporated in the cavity of the CD. The lifetimes of the photoisomers were longer
for yCD than for BCD, Although the reciprocal of the observed lifetime must be a
weighted average of those of 7, and 7.p (as in equation 20), it can be deduced that
the value of 7., for each dye is larger for yCD than for BCD. This result may
reflect the smaller steric hindrance on the photoisomer in the wider cavity of yCD.

Comparison of the data in Tables I and I1I indicates that all of the dye-CD
pairs with enhanced dimerization show the shortening of the lifetime of the photo-

TABLE IIT

SHORTENING OF THE LIFETIMES OF THE PHOTOISOMERS OF VARIOUS DYES BY aCD, BCD, anp yCD AT 20°

Dye* Without CD aCD BCD yCD
2(DODC) 1.540 1.59 0.53 0.47
5(DTDC) 0.18 0.14 6.13 0.0
8 (HIDC) 0.20 0.22 0.15 0.15

10 (NK-1165) 0.56 0.57 0.16 0.35

11 (NX-2034) 0.66 0.74 0.30 0.35

12 (NK-2035) 1.27 1.31 0.32 0.49

13 (NK-2038) 1.58 1.62 0.41 0.64

14 (NK.-2606) 1.69 1.67 0.62 0.49

Concentrations: 5, 8 X 107%; 8, 2 x 10-%M; others, 2 X 107%; CD, 5 x 1073M. *Observed lifetimes
{ms): the reciprocals of those with CD are a weighted average of those of 7, and 7., (see equation 20).
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isomer. However, the reverse does not always obtain. The pairs 10~-CD and 14-
BCD show the shortening of the lifetimes of the photoisomers but no enhancement
of the formation of dimers. The structure of these dyes is similar to that of 2, the
only difference being the alkyl group (Et or Pr) on the quaternary nitrogen atom
or the presence of a C1 substituent in the linking group. Thus, enhanced dimeriza-
tion is not a prerequisite for shortening of the lifetime of the photoisomer, and this
supports the view that only the monomer dye molecule incorporated in the cavity
of the CD is involved in the photoisomerization. The dyes which do not experience
enhanced dimerization, but show shortening of the lifetime of the photoisomer,
form only a monomer complex with CD. The formation of a monomer or a dimer
complex with CD seems to be controlled by steric factors.
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