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chromic dihydroindolizine derivatives were substituted on the fluorene (region A) and pyridazine
(region C) moieties in order to provide the appropriate functionality for optimal tuning of the pho-
tochromic properties of the system. Irradiation of the photochromic DHIs with polychromatic light led
to ring opened colored betaines, which underwent thermal 1,5-electrocyclization. The red to green
colored betaines produced after UV irradiation returned back through 1,5-electrocyclization to the
corresponding DHIs with different rate constants depending on the substituents in both fluorene and
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1,5-Electrocylization pyridazine regions. The kinetic measurements of the thermal 1,5-electrocyclization under different
Kinetics temperatures that ranged from —10 to 25 °C showed that the half-lives of the colored betaines fall in
Half-lives the second to hours domain. Interestingly, these materials showed a very good photochromic behavior
Temperature dependence not only in solution but also in the PMMA matrix. Irradiation of a slide prepared by the deep-coating
Solid thin film method led to the formation of the colored betaine and the kinetics of the thermally reversible 1,5-

electrocyclization and the AFM image of the film has been recorded. Indeed, the chemical and ther-
mal stability of the investigated betaines in polymer (PMMA) will render such species useful for
a plethora of new of applications.

© 2011 Elsevier Ltd. All rights reserved.

an external stimulation, namely, upon light irradiation.*~® The most
characteristic properties of the materials to find pronouncing appli-
cations are: (i) the ease and fast ability to be activated by sunlight and
bleached through a thermal or other wavelength, (ii) wide-range
absorption in the visible region to provide different color upon irra-
diation, (iii) a suitable fading rate, which is related to the stability of
the colored state, (iv) high efficiency of coloration upon irradiation
(colorability), and (v) a high resistance to photodegradation (photo-
fatigue-resistance).'®=12  Photochromic dihydroindolizines (DHIs)
and tetrahydroindolizines (THIs) were discovered and devolved by
Diirr in 1979,>" they became very interesting classes of photo-
chromic molecules and received particular attention owing to
their remarkable photofatigue-resistance and broad photochromic
properties.!®2% They have already found applications in optical
technology,'®® ophthalmic lenses,® data storage,?® photoswitches,?!

* Corresponding author. E-mail address: saleh_63@hotmail.com (S.A. Ahmed). dental filling materials,»*  IR-sensitive photoswitchable

1. Introduction

Today, the photochromism phenomenon, a branch of photo-
chemistry, has gained much momentum as it found many proven
applications relevant to modern daily life.! Further, it is anticipated to
be the basis in the development of numerous upcoming novel ap-
plications. The widely accepted definition of photochromism is the
reversible absorption change exhibited by systems irradiated using
light of suitable wavelength.!~3 The reversible change of color is the
main characteristic of this phenomenon, bestowing uniqueness to
the transformation compared to other photoinduced reactions. The
thermal or illumination reversibility of these materials configures the
fascinating ability of modulating given physical properties through
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doi:10.1016/j.tet.2011.06.092


mailto:saleh_63@hotmail.com
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
http://dx.doi.org/10.1016/j.tet.2011.06.092
http://dx.doi.org/10.1016/j.tet.2011.06.092
http://dx.doi.org/10.1016/j.tet.2011.06.092

7174

materials,># and DNA markers.?> Such molecules undergo a photoin-
duced change of color in solutions and in polymer matrices when
exposed to UV radiation or direct sunlight exposure and return to the
initial state when the illumination ceases, normally via a thermal
pathway. The photochromic behavior of DHIs (Fig. 1) is based on
areversible pyrroline ring opening, induced by light, which converts
a colorless form (usually named the ‘closed form’) to the colored form
(betaine form).® 2> The thermal back reaction- the 1,5-
electrocyclization- from the ring open betaine to DHI shows rates
extending from milliseconds to several weeks depending on the
substituents and structure of the molecule involved.?%~2® This in-
teresting wide range in the lifetime of the colored form leads these
molecules to find many versatile applications.> 2%

In continuation of our previous work dealing with the synthesis
and photochromic properties of dihydroindolizines (DHIs),2% 26 we
now report the synthesis and photochromic properties of dihy-
droindolizines bearing substituted fluorene (region A) and pyr-
idazine moiety in region C (Fig. 1). The existence of fluorene in the
DHI skeleton has advantages since the fluorene is a very stable
planar unit, which is widely used in optoelectronic materials.>’ The
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present studies of their photochromic behavior in both solution
and solid thin film (PMMA) matrix as dopants. Also, the tempera-
ture dependence of the 1,5-electrocyclization to obtain different
fading rates to suit some industrial applications is the main moti-
vation behind this work.

2. Results and discussion

2.1. Synthesis of thermally reversible photochromic DHIs
3a—f containing substituted fluorene (region A) and
substituted pyridazine (region C) moieties

The photochromic dihydroindolizines DHIs 3a—f (Scheme 1)
were obtained via a modified cyclopropene route (Scheme 1).

When spirocyclopropenes 1a—c were allowed to react with
substituted pyridazines 2a—d in dry ether and in the absence of light
under an atmosphere of nitrogen for 24 h, the desired photochromic
dihydroindolizines 3a—f (Table 1) were obtained in 27—40% yields
as pale to yellow crystalline form after recrystallization from the
proper solvent.

DHI-form (colorless)

Betaine-form (Colored)

Fig. 1. Representation of the colorless (closed form) and the colored (betaine form) of dihydroindolizines.
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Scheme 1. Synthesis and mechanism of formation of DHIs 3a—f and their corresponding betaine 3'a—f via a modified spirocyclopropene route.
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Table 1
Substitution pattern of the synthesized DHIs 3a—f, reaction yields, and melting
points

33 X R Ry Ry R; R4 Yield%  mp (°C)
a H CH; H H H H 40 125
b H CH; CHs H H H 43 190
c H CHy GHis H H CH; 27 121
d c CH; H H H H 38 128
e Br CH; H H H H 35 135
f Br CH; CHs CH; CHs CH; 29 165

The pure products were obtained after being subjected at least
twice to purification by column chromatography on silica gel using
dichloromethane as eluent.

The reaction mechanism (Scheme 1) could be rationalized
through the electrophilic addition of the electron-deficient and
strained spirocyclopropenes 1a—c to the nitrogen atom of the N-
heterocyclic pyridazines 2a—d, which leads to ring opening via
a cyclopropyl-allyl conversion of 2’a—f to the colored betaines
3’a—f (Scheme 1). A subsequent ring-closure to DHIs 3a—f resulting
from slow thermal 1,5-electrocyclization (Scheme 1), which can be
reversed upon exposure to light.

2.2. Characterization of the synthesized photochromic DHIs
3a—f

In order to establish and confirm the structures, stereochemis-
try, and position of heteroatoms, extensive 'H, 13C, DEPT 135, and
correlation NMR ('H-'H COSY and 'H—"3C COSY) spectrometry
experiments were conducted in CDCl3 and are tabulated in Tables 1
and 2 of the Supplementary data section for 3b and 3¢ and sum-
marized in the Experimental section for all compounds. Thus, the
structures for all synthesized photochromic compounds 3a—f were
assigned and further confirmed by other spectroscopic and ana-
lytical tools. For example, the Dept-135 spectrum of DHI 3c (see
Supplementary data) showed 14 signals with positive phases cor-
responding to the 8CH-carbons of the fluorene moiety at ¢ 128.2,
128.1, 127.0, 126.9, 126.6, 124.8, 120.0, and 119.7 ppm. The pyr-
idazine carbons appeared at ¢ 133.4 ppm for 8-CH and at 117.6 ppm
for 7/CH, whereas signals for the methyl carbons appeared at ¢ 53.1
(3/-CH3), 50.9 (2’-CH3), 22.5 (8’a-CH3), and 14.1 (6'g-CH3) ppm. On
the other hand, signals with negative phases characteristic of the
methylene carbons appeared with chemical shifts as follows: 6 34.9
(6'a-CHy), 31.7 (6’b-CH3), 29.1 (6'c-CHy), 29.0 (6'd-CHy), 27.1 (6'e-
CHy), 22.6 (6/f-CH,) ppm.

From the 'H NMR, HSQC, and HMBC (showing distinctive long-
range cross peaks between 8a-CHs; at 6 1.56 ppm and 8a-C at
0 71.0 ppm and C-spiro at ¢ 66.2 ppm; also characteristic contours
are noted between 8-CHj3 at 6 0.73 ppm and 8’a-C at § 71.0, 8'-C at
0 138.5, and 7’-C at 6 122.7 ppm; see Supplementary data) data, it is
interesting to note that the 8'-CHs, while being mindful of its sp?
hybridization, has been significantly shifted to a higher field, which
may be partially attributed to the anisotropic effect of the fluorene
moiety. The upfield shift is in good agreement with molecular me-
chanics calculations (Fig. 2), which show the methyl lying under or
in close proximity to the shielding zone of the fluorene moiety and is
forced into such position due to the rigid and orthogonal nature of
the pyridazine and fluorene moieties (Fig. 2). More spectroscopic
details about all NMR data are cited as Supplementary data.

2.3. Photophysical properties of photochromic DHIs 3a—f and
their corresponding betaine 3'a—f

2.3.1. Absorption spectra of DHIs 3a—f and their corresponding be-
taines 3'a—f in dichloromethane (c=1x10"*mol/L) at ambient

Fig. 2. Representation of the optimized (MM2) structure of DHI 3f.

temperature. The photophysical data pertinent to the photochro-
mic properties of DHIs 3a—f were obtained from their absorption
profiles. Thus, the absorption spectra of the synthesized DHIs 3a—f
were measured in dichloromethane using a UV—vis spectropho-
tometer with a concentration of 1x10~4mol/L at ambient tem-
perature. The photochromic DHIs 3a—f showed a pale to yellow
color in dichloromethane solution as well as in the solid state (Table
4). The band absorption intensities (log ¢) of these compounds were
found to range between 3.86 and 4.79 depending on the sub-
stituents on both, the fluorene (region A) and pyridazine (region C)
moieties.

The absorption maxima of the DHIs 3a—f were observed in the
middle UV-region and ranged between 386 and 395 nm (Fig. 3,
Table 2). A very small hypsochromic shift by 3 nm was observed by
substituting the 2,7-positions of the non-substituted fluorene in 3a
to give the 2,7-dibromosubsituted fluorine 3e. On the other hand,
introducing methyl and heptyl substituents to the non-substituted
pyridazine region of DHIs 3a and 3b are essentially the same

387 nm =——DHI 3d

0.8 4
0.6 4

0.4 4

Absorbance (AU)

0.2 4

0'0 T T T T T T T T T T T T T T T T _'_|
350 400 450 500 550 600 650 700 750
Waevelength (nm)

Fig. 3. UV—vis-spectrum of DHI 3d in CH,Cl, (c=1x10"*mol/L) at ambient
temperature.
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Table 2

Absorption spectral data of DHIs 3a—f and their corresponding betaines 3'a—f
and kinetic data of betaines 3'a—f in the sec range (monitored by UV-
spectrophotometer) in CH,Cl, solution (c=1x10~% mol/L) at ambient temperature

DHI/Betaine Amax (DHI) [nm] log (¢) Amax (Betaine) [nm] Color of betaine
3a/3a 389 4.06 340, 517 Red

3b/3'b 388 3.86 522 Red-Violet
3¢/3'c 395 4.70 346, 443, 628 Green

3d/3'd 387 4.79 346, 528 Violet

3e/3'e 386 4.23 538 Violet

3f/3'f 391 413 447, 623 Blue-Green

whereas for DHI 3¢ exhibited bathochromic shift. These absorption
bands can be assigned to the locally excited mw—m+*-transition (LE)
located in the butadienyl-vinyl-amine chromophores*°~26 of the
DHIs 3a—f (Table 2).

2.6 517 nm
24 4
22 4
2.0
1.8 1
1.6 4
14
1.2 4
1.0
0.8 1
0.6 -
04 4
0.2
0.0

Absorbance (Au)

350 400 450 S00 550 600 650 700 750 800
Wavelength (nm)

Absorbance (AU)

0.0 + r T : ; ; ; : ]
300 350 400 450 500 550 600 650 700 750 800
‘Wavelength(nm)

Polychromatic light irradiation of DHIs 3a—f generated ring
opened betaines 3’a—f (Table 2, Fig. 4). The colored betaine forms
3’a—f varied from red to blue-green in CH,Cl, with a concentration
of 1x10~% mol/L at room temperature because of their slower 1,5-
electrocyclization. All the absorption maxima of the colored beta-
ines 3'a—f were found to be in the visible region and lie between
517 (betaine 3’a) and 628 nm (betaine 3'c).

The UV—vis absorption spectra of the colored betaines 3'a, d, e
(Figs. 4 and 5) containing a non-substituted pyridazine as a hetero-
cyclic moiety in region C exhibited a red to red-violet colored betaine
forms and showed one to two absorption maxima ranging between
517 and 538 nm (Figs. 4 and 5). On the other hand, the betaine 3'b,
which contains a methyl substituent in region C exhibited a red-
violet colored betaine form (Apax=522 nm), while the dialkyl
substituted betaine 3'c showed a dark green color and three

2.0
1.8 522 nm
E)
<
> DHI 3b
g - betaine 3'b
©
2
o
0
)
<
300 350 400 450 500 550 600 650 700 750 800
‘Wavelength(nm)
1.2 4 391 nm
1.1 4 DHI 3f
10 ] -—-betaine 3'f
B
<
o
(%]
c
©
2
S
o
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2
<
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Fig. 4. UV—vis spectra of DHIs 3a, b, ¢, f and their corresponding betaines 3'a, b, ¢, f at 25 °C (except betaine 3'f at 10 °C due to the fast thermal back reaction) in CH,Cl, solution

(c=1x10"* mol/L).

Absorbance (AU)

350 400 450 500 550 600 650 700 750
Waevelength (nm)

08 - 386 nm

Absorbance (AU)

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5. UV—vis spectra of DHIs 3d, e and their corresponding betaines 3'd, e in CH,Cl, solution (c=1x10"% mol/L) at 25 °C.
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absorption maxima at 628, 443, and 346 nm (Table 2, Fig. 4) along
with three isosbestic points. In addition, betaine 3'f, which is tetra-
substituted with methyl groups on the pyridazine moiety showed
blue-green color with absorption maxima at 623 and 447 nm (Fig. 4).
The existence of three isosbestic points clearly suggests that the
thermal back reaction of the colored betaines follows first order.
Interestingly, a bathochromic shift in the absorption of the betaines
containing non-substituted pyridazines 3a, d, e, by more than
115nm in the visible region is noted compared to the alkyl-
substituted pyridazines 3c, f (Fig. 4). The large bathochromic shift
leading to the change of the colored forms from red to blue-green
and absorptions in the visible region has been attributed to the

1.8 = s17
betaine 3'a 17nm t=0s
1.6
1.4
2 1]
g 1ol
g 0.84340 nm /
04
0.24
0.04
T ¥ T . T ¥ T X T T T ¥ T ¥ 1
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1.1+
443 nm Betaine 3'c t=0 min
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0.94 cycle time =2 min
0.8

0.7

t= 60 min
0.6+ §
0.5

Absorbance (AU)
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1.0+

Betaine 3'e
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0.4
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R R
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increase in the electron donating ability of the alkyl groups, which
imparts stability to the zwitter ionic betaine forms (Table 2).

Furthermore, a noticeable bathochromic shift of about 21 nm
was observed when dichloro- and dibromo-substituents were in-
troduced on the fluorene moiety (region A) of the non-substituted
betaine 3’a (Fig. 4) to generate dichloro betaine 3’d and dibromo
betaine 3’e (Fig. 5). From Fig. 5, it is clear that a faster thermal back
reaction is associated with the dibromo-substituted betaine 3'e
compared to the dichloro analogue 3'd as the former exhibits
higher absorbance. More detailed UV—vis spectroscopic data of the
colored betaines is listed in Table 2 and graphically represented in
Figs. 4 and 5.

204
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Fig. 6. Scan kinetic spectra of the thermal fading of betaines 3'a—f to DHIs 3a—f (cycle time and run time are cited inside the figures in CH,Cl, (c=1x10"% mol/L) at 25 °C; betaine

3’e and 3'f were measured at 0 °C because of higher betaine concentration).
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2.3.2. Kinetics of the thermally reversible 1,5-electrocyclization of the
betaine 3'a—f to their corresponding DHIs 3a—f in dichloromethane
solution. In order to examine the photochromic behaviors of the
DHIs and betaines in solution, kinetic measurements were un-
dertaken using UV—vis spectroscopy. DHIs are divided into five
major categories depending on the cyclization rate constant (k),
which is the main factor for determining the half-lives of the
colored form.?®=2® These categories can be summarized as
follows:

(i) Very slow systems (t12<1 h)
(ii) Slow systems (t1/2<1 min)
(iii) Middle systems (1 s>t1/2>1 min)
(iv) Fast systems (1 ms>typ>1s)
(v) Very fast systems (t1/2>1 ms).
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ANEEET
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0.8 4 t= 600 S
0.6

Absorbance (AU)

0.4
02 4

o+
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (S)

0.5 4

0.4
t= 0 min

Wme =2 min

t= 30 min

0.3 4

0.2

Absorbance (AU)

0.1 4

0.0 4

-0.1 4

0 3 6 9 12 15 18 21 24 27 30
Time (min)

0.20 -
0.18
0.16
0.14
0.12 4
0.10
0.08
0.06
0.04 4
0.02
0

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (S)

t=0s

cycle time=10 s

Absorbance (AU)

These categories give a special meaning to the measurement
techniques employed. The first three categories can be easily ex-
amined at room temperature with normal UV—vis photo-
spectrometer. The rate constants of the thermally reversible 1,5-
electrocyclization of betaines were determined at constant tem-
perature by measuring the decrease in the maximum absorption
intensity (Amax) with time. The half-lives (t1,2) and rate constants
(k) of betaines under examination were calculated by plotting
InA against time (t). In agreement with reported literature
results, 926 the thermal 1,5-electrocyclization of the investigated
compounds followed a first-order mechanism. The ¢y, of betaines
3’a—f could be determined by UV—vis spectrophotomer because of
their low cyclization rate constant (k). The decay of the absorption
curves of betaines 3’'a—f followed a first order mechanism.
According to the first order mechanism:
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Fig. 7. Absorbance—time relationship for the kinetic thermal fading of betaines 3'a—f to DHIs 3a—f for determination of the thermally reversible 1,5-electrocyclization rate constant

(k) in CH,Cl, solution (c=1x10"% mol/L).
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—dChetaine/dt = K X Cpetaine (1)
From Beer—Lambert law:

E=¢e¢excxd (2)
Substituting Eq. 1 in Eq. 2 yields:

—AEpetaine/dt = K X Epetaine (3)
Integration of Eq. 3 and simplification gives:

InE = InEy — kt (4)

where k is the reaction rate constant for the thermally reversible
1,5-electrocyclization.
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From the decay curves, the half-lives of the betaine forms 3’a-f
were calculated as cited in Table 3 by applying Eq. 5.
Table 3

Kinetic data of the thermally reversible 1,5-electrocyclization of betaine 3'a—f to
their corresponding DHIs 3a—f in CH,Cl, solution (25 °C, c=1x10"% mol/L)

DHI/Betaine
3a/3a
3b/3'b
3c/3'c
3d/3'd
3e/3'e
3f/3'f

kx1073 (s71)
6.76
2.77
0.25
10.34
16.12
3.61

ti2 (s)
102
250

2700

67
43
192

k = 11'12/1'1/2 (5)
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Fig. 8. Temperature-dependence effect on the half-life time of betaine 3'b recorded from scan kinetics at different temperatures in CH,Cl, solution (c=1x10"% mol/L).
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Irradiation of DHIs 3a-f with polychromatic light led to
ring opened betaines (Figs. 6 and 7). The kinetic of the thermal
1,5-electrocyclic ring-closure reaction was studied by using a mul-
tichannel FT-UV—vis spectrophotometer (Figs. 6 and 7).

The kinetic measurements could be detected by both spectra
scan (Fig. 6) and time dependent decay measurements (Fig. 7) at
ambient temperature and showed that the half-lives of the colored
betaines 3’'a—f are in second domain and range between 43 and
2700 s (Table 3, Fig. 6, 7). A highly pronounced increase in the half-
lives of the betaines bearing mono and dialkyl substituted pyr-
idazine moiety (3'b, ¢, f) by approximately a factor of 2—27 is noted
compared to the non-substituted pyridazine 3’a as well as the
dihalo-substituted betaines 3'd, e. This increase in the half-lives
may be attributed to the stabilization of the positive charge on
the betaine structures by hyperconjugation brought about by the
electron donating alkyl groups. Further, it is conceivable that the
proximity of the alkyl substituents to the reacting center on the
pyridazine moiety hinders electrocyclization.
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A noticeable decrease in the half-lives of the betaines 3'd, e by
approximately a factor of 1.5—2.4 was observed. The tuning of the
absorption maxima and kinetic properties (Fig. 7) by manipulating
substitution on the fluorene (region A) as well as on the pyridazine
(region C) to find the optimal combination is fundamental and
may be utilized to tailor photochromic materials to suit the re-
quirements of specific applications.

2.3.3. Temperature-dependence effect on the kinetics of the thermally
reversible 1,5-electrocyclization of the betaines 3'a—f to their corre-
sponding DHIs 3a—f in dichloromethane solution. In order to ex-
amine the effect of temperature on the thermally reversible 1,5-
electrocyclization of betaines 3’a—f, FT-UV—vis spectrophotome-
ter with temperature controller was concurrently used with sample
irradiation with polychromatic light.>’~2°

Thus, irradiation of DHIs 3a—f at temperatures ranging from —5
to 25 °C with simultaneous measurement of the back-reaction ki-
netics at the applied temperature led to different rate contacts (k)
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Fig. 9. Temperature-dependence effect on the half-life time of betaine 3'c recorded from scan kinetics at different temperatures in CH,Cl, solution (c=1x10"% mol/L).
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and half-lives. It is clear from the data summarized in Table 4 that
a drastic increase in the half-lives of the betaines under in-
vestigation accompanied the corresponding decrease in the tem-
perature (Figs. 8—10).

Table 4
Values of temperature-dependence effect on the half-life time of betaine 3'a—f re-
corded from scan kinetics at different temperatures

Betaine  ty2 ti2 tij2 tij2 tij2 tij2 tiz
(25°C) (20°C) (15°C) (10°C) (5°C) (0°C) (-5°C)
Ja 102 133 171 265 320 389 465
3b 250 331 482 691 912 1023 1263
3c 2700 3360 3649 3798 4036 4684 4931
3d 67 79 93 146 176 201 257

Interestingly, the decrease in temperature has been accompa-
nied with an increased quantum yield (generation of more betaine
molecules), which resulted in significant increase in the absorbance
as presented in Fig. 10.

2.3.4. Thin film measurements. It is conceivable that photochromic
compounds will find wide utility in thin film application and smart
windows. A required characteristic of the photochromic materials is
that they should be sensitive and show ring-opening and coloration
upon irradiation even with daylight. Fortunately, the present target
photochromic DHIs showed these interesting photochromic prop-
erties not only in solution but also in polymer matrix. These
properties were exploited to introduce such compounds as
dopants to polymethyl methaacrylate (PMMA) in low concentration
(2x10~4 mol/L) in chloroform. The evaporation method for forma-
tion of the thin film containing the photochromic DHI was used.
Thus, the preparation method of the thin film on glass is summa-
rized as follows: the slide substrates, glass standard microscope
slide of thickness 1 mm, were carefully cleaned ultrasonically in
acetone and then rinsed with deionized water. Dip-coated films
were prepared by immersion of glass slide substrates into a chloro-
form solution containing the photochromic DHI 3a doped with
PMMA for approximately 1 min and then the substrate pulled up
with rate of 2 mm/min using dip coating system (LayerBuilder KSV
instruments LTD). The thickness was measured by Dektak150
profiler.

The transmittance, T(4), and reflectance, R(1), spectra of the
films were measured at normal incidence and at an incident angle
of 5°, respectively (Fig. 11).

The measurements were acquired in air and at room temperature
in the spectral range of 190—1000 nm by using a computer aided
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Fig. 11. Kinetic measurement of thermal fading of betaine 3’a in PMMA thin film.

double-beam spectrophotometer (Shimadzu 3150 UV—vis—NIR)
with a resolution of 0.1 nm. The condition of the surface micro-
structure was observed by atomic force microscopy (AFM; Veeco
CP-II) in non-contact mode with Si tips at a scan rate 1 Hz. Photo-
colouration experiments on the photochromic films were carried
out using polychromatic light with Blak-Ray lamp model UVL-56
with wavelength range of 500—1000 nm with intensity of
300 mW/cm? at the exposure. The photochromic samples were ir-
radiated with a 365 nm, 100 W, B-100AP UV lamp from UVP, giving
a UV-light intensity on the sample of 8.9 mW/cm?. The film thick-
ness was found to be 11.8 um.

Fig. 12 shows an increase in the thermal stability for the back
reaction of betaine 3’a in the thin film by a factor of 2500 times
compared with its half-life in dichloromethane solution. Eventually
and as shown in Fig. 13, complete recovery of the DHI is obtained
following the thermal back reaction of the betaine 3'a in polymer
doped matrix. This will help this family to find interesting appli-
cations, not only in solution, but also in solid state films and smart
windows.

It is observed that by increasing the irradiation time of the
photochromic thin film, the transmittance of the colored form in-
creased and that of the closed form continued decreasing until
complete conversion of the colored form was reached. This obser-
vation was detected (Fig. 12) by measuring the UV—vis spectra
following various irradiation times.

In order to investigate the surface morphology of the film, AFM
images in non-contact mode with a scan area of 5 umx5 pm were
recorded. The AFM micrograph (Supplementary data) revealed that
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Fig. 10. Temperature-dependence effect on the thermally irreversible quantum yield and absorbance of betaine 3'a, d recorded from scan kinetics at different temperatures in

CH,Cl, solution (c=1x10"% mol/L).
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Fig. 12. The spectral transmittance for thermal fading of the colored betaine 3'a in thin
film at different time after photocoloration of DHI 3a doped PMMA.

the film is uniform having a compact microstructure with a very
smooth surface. Also, a few holes or cavities of submicron di-
mension are distributed over the smooth homogeneous surface.
However, in spite of their presence, the film transmittance remains
high. This interesting AFM image with smooth formation will help
this family of compounds find industrial applications.

100
904
804
70
60
1 —e—after 5 min
§ 50+ —e— after 15min
40_' —=— after 30 min
| 514nm —— after 1 hour
30
20
10
0 p—t=t— T T T T | T T T T T T 1
200 300 400 500 600 700 800 900 1000

Wavelength(nm)

Fig. 13. The spectral transmittance for thermal fading of the colored betaine 3'a in thin
film doped PMMA at different time after photocoloration of DHI 3a.

3. Conclusion

In summary, several novel photochromic compounds related to
the interesting thermally reversible dihydroindolizines (DHIs) have
been synthesized. Their chemical structures were assigned by
means of spectroscopic and analytical tools. Interesting photo-
chromic behavior in solution and in thin film was observed. One of
the most pronounced properties is the structure-photochromic
properties relationship, which will assist in tuning the chemical
structure of the DHI skeleton toward many applications. The de-
pendence of the thermally reversible 1,5-electrocyclization of be-
taines on temperature change is the most promising phenomena in
this regard. Indeed, the chemical and thermal stability of the in-
vestigated betaines in polymer (PMMA) will open a new era for
application of this family of compounds.

4. Experimental
4.1. General

Most of the solvents used are anhydrous and were dried
according to standard procedures. Photolysis was carried out
in the photochemical reactor of Schenck made from Pyrex
(I>290 nm).>3% The source of irradiation was a high pressure
mercury lamp HPK 125 W from Philips. Solutions to be photolyzed
were flushed with dry nitrogen for 30 min before switching on the
photolysis lamp. The heterocyclic bases used were prepared
according to reported methods. The progress of the reaction and
the purity of the isolated products were monitored using thin
layer chromatography (TLC) and NMR. Separation and purification
of all synthesized photochromic materials were carried out using
column chromatography (80 cm lengthx2 cm diameter, silica gel)
with dichloromethane as eluent. Irradiation of the cuvettes for
UV—vis and Kinetic UV—vis were carried out using Ivoclar lamp
(Ivoclar-ledition. 100—240 V with light intensity of 600 mW/cm?).
Melting points were measured on Biichi (Smp-20) melting point
apparatus. The studied solutions for UV—vis and kinetics were
prepared in concentration of 1x10~% mol/L in dichloromethane
solution. For thin film measurements, the slide substrates, glass
standard microscope slide of thickness 1 mm, were carefully
cleaned ultrasonically in acetone and then rinsed with deionized
water. Dip-coated films were prepared by immersion of glass slide
substrates into the polymer doped photochromic material for
approximately 1 min and then the substrate pulled up with rate of
2 mm/min using dip coating system (Layer Builder KSV in-
struments LTD). The thickness was measured by Dektak150
profiler.

The transmittance T(A), and reflectance R(A) spectra of the films
were measured at normal incidence and at an incident angle of 5°,
respectively. The measurements were acquired in air and at room
temperature in the spectral range of 190—1000 nm by using
a computer aided double-beam spectrophotometer (Shimadzu
3150 UV—VIS—NIR) with a resolution of 0.1 nm. The condition of
the surface microstructure was observed by atomic force micros-
copy (AFM; Veeco CP-II) in non-contact mode with Si tips at a scan
rate 1 Hz. Photocoloration experiments on the photochromic films
were carried out using A UV lamp. Photochromic samples doped
with polymer were irradiated with a 365 nm, 100 W, B-100AP UV
lamp from UVP, giving an UV-light intensity on the sample of
8.9 mW/cm?. Photocoloration was carried out using Blak-Ray lamp
model UVL-56 with a wavelength range of 500—1000 nm with an
intensity of 300 mW/cm? at the exposure. Thickness was found to
be 11.8 pm. The fluorene spirocyclopropene precursors 1la—c were
synthesized with some modifications to the published patented
methods,1314:23.28,29
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4.2. Synthesis of substituted dimethyl 4a’H-spiro[fluorene-
9,5'-pyrrolo[1,2-b]pyridazine]-6',7' -dicarboxylate
dihydroindolizines 3a—f (General procedure)

To a mixture of spirocyclopropenes 1a—c (25 mmol) in 100 mL
freshly dried ether at room temperature was added under dry N,
and in absence of light, substituted pyridazines 2a—d (26 mmol).
The mixture was stirred at room temperature for 24 h (TLC-moni-
tored). The ether was removed under reduced pressure and the
pure products were obtained after being subjected at least twice to
column chromatography on silica gel using dichloromethane as
eluent to afford the photochromic products 3a—f in low to mod-
erate yields. Experimental details and full characterizations of the
new synthesized DHIs 3a—f are described below:

4.2.1. Dimethyl 4d H-spiro[fluorene-9,5'-pyrrolo[1,2-b]pyridazine]-
6',7" dicarboxylate 3a. Yield (386 mg, 40%) as pale yellow solid,
mp=124—126 °C; [Found: C, 71.6; H, 4.5; N, 7.5. C33HgN,04 re-
quires 71.5; H, 4.7; N, 7.3]; Rf(CHxCl>) 0.51; vimax (KBr) 3014, 2951,
1750, 1727,1597, 1519 cm™'; 6y (400 MHz, CDCl3) 7.75—7.73 (2H, d,
J=7.6 Hz, Ph), 7.59—7.57 (1H, d, J=7.6 Hz, Ph), 7.51—7.49 (1H, d,
J=7.6 Hz, Ph), 7.32—7.43 (3H, m, Ph), 7.26—7.24 (1H, dd, J=75,
1.2 Hz, Ph), 6.95—-6.94 (1H, dd, J=3.5, 1.6 Hz, 6'H), 5.67—5.69 (1H,
ddd, J=9.8, 3.3, 2.7 Hz, 7'H), 5.30—5.29 (1H, d, J=2.4 Hz, 8aH), 5.00
(1H, dt,J=10.1,1.8 Hz, 8'H), 4.03 (s, 3H, 2’-CH3), 3.32 (s, 3H, 2’-CH3);
dc (100.6 MHz, CDCl3) 163.4, 161.8, 149.4, 146.5, 141.6, 140.9, 140.5,
138.5, 128.6, 128.3, 127.8, 127.2, 126.0, 124.7, 123.5, 120.2, 119.9,
118.4, 106.1, 65.5, 63.4, 53.3, 51.1; m/z (EI) 286.16 [M'], 327.1 (4),
279.1 (10), 167 (34), 149.3 (100), 83.6 (43), 57.0 (76%).

4.2.2. Dimethyl  2'-methyl-4a’'H-spiro[fluorene-9,5'-pyrrolo[1,2-b]
pyridazine]-6',7-dicarboxylate 3b. Yield (429 mg, 43%) as pale yel-
low solid, mp=189—191 °C; [Found: C, 72.2; H, 4.9; N, 73.
C24H20N204 requires C, 72.1; H, 5.0; N, 7.1%]; Ry (CHClz) 0.52; viax
(KBr) 3106, 2991, 1720, 1760, 1600, 1448 cm 0y (400 MHz, CDCl3)
7.73-7.71 (2H, d, J=7.6 Hz, Ph), 7.59—7.57 (1H, d, J=7.2 Hz, Ph),
7.50—7.49 (1H, d, J=7.6 Hz, Ph), 7.42—7.34 (3H, m, Ph), 7.24-7.21
(1H, td, J=7.5, 1.1 Hz, CH-arom.), 5.64—5.62 (1H, dd, J=9.9, 2.6 Hz,
7'H), 5.16—5.15 (1H, t, J=2.4 Hz, 8'aH.), 5.09—5.07 (1H, dd, J=9.8,
2.1 Hz, 8'H), 4.03 (3H, s, 3'-CH3), 3.30 (3H, s, 2’-CH3), 2.01 (3H, s, 6'-
CH3); 6c (100.6 MHz, CDCl3) 163.6, 162.1, 149.8, 147.4, 147.0, 141.6,
141.5,140.4,128.5,128.2,127.8,127.2,127.1,124.8,123.6, 121.1,120.1,
119.8, 104.1, 64.9, 62.9, 53.2, 51.0, 21.1; m/z (EI) 400.13 [M™, 100],
247.0 (39), 189.0 (64), 176.0 (24), 94.0 (14%).

4.2.3. Dimethyl 2'-heptyl-4a’-methyl-4a’'H-spiro[fluorene-9,5'-pyr-
rolo[1,2-b]pyridazine]-6',7'-dicarboxylate 3c. Yield (337 mg, 27%), as
yellow solid, mp=122—120°C; [Found: C, 74.5; H, 5.7; N, 5.50.
Co4HoN04 requires C, 74.7; H, 6.9; N, 5.6%]; Rr(CH>Cl3) 0.55; Viax
(KBr) 3051, 29,501,749, 1697, 1591, 1519 cm’1; oy (400 MHz, CDCl3)
7.72—7.70 (1H, d, J=7.5Hz, Ph), 7.67—7.65 (1H, d, J=7.6 Hz, Ph),
7.59—7.58 (1H, d, J=7.6 Hz, 1H, Ph), 7.46—7.47 (1H, d, J=7.6 Hz, CH-
arom.), 740—7.37 (1H, td, J=7.5, 1.0 Hz, Ph), 7.34—7.31 (1H, td, J=7.5,
1.0 Hz, Ph), 7.29—7.26 (1H, td, J=7.5, 1.1 Hz, Ph), 7.20—-7.17 (1H, td,
J=7.5,11 Hz, Ph), 5.49—5.47 (1H, d, J=9.8 Hz, 7'H), 5.04—5.01 (1H, d,
J=9.8 Hz, 8'H), 4.02 (3H, s, 3'-CH3), 3.32 (3H, s, 2'-CH3), 2.28—2.28
(2H, t, J=7.7 Hz, 6'a-CHy), 1.47 (3H, s, 8’a-CH3), 1.53—1.48 (2H, m,
6’b-CHy), 1.34—1.19 (8H, m, 6'-c, d, e, f (CHz)4), 0.91-0.89 (3H, t,
J=6.9 Hz, 6’-g-CH3); 6¢ (100.6 MHz, CDCl3) 164.1,162.2,150.5, 149.3,
143.2, 142.8, 142.0, 140.1, 133.4, 128.2, 128.1, 127.0, 126.9, 126.6,
124.8,120.0, 119.7,117.6, 102.0, 66.9, 66.6, 53.1, 50.9, 34.9, 31.7, 29.1,
29.0,271,22.6,22.5,14.1 ppm; m/z (EI) 498.61 [M™,100], 439.2 (18),
247.0 (34),189.0 (34), 94.1 (12%).

4.2.4. Dimethyl 2,7-dichloro-4a’'H-spiro[fluorene-9,5'-pyrrolo[1,2-b]
pyridazine]-6',7'-dicarboxylate 3d. Yield (431 mg, 38%) as pale

yellow solid, mp=130—128 °C; [Found: C, 60.7; H, 3.5; Cl, 15.6; N,
6.2. Co3H16CbN204 requires C, 60.7; H, 3.5; Cl, 15.6; N, 6.2%]; Ry
(CHxClp) 0.50; vmax (KBr) 3180, 2951, 1751, 1701, 1599, 1519,
1193 cm™'; 6y (400 MHz, CDCl3) 7.63—7.60 (1H, d, J=8.1 Hz, Ph),
7.62—7.59 (1H, d, J=8.1 Hz, Ph), 7.57—7.58 (1H, d, J=1.9 Hz, Ph),
7.43-742 (1H, d,J=1.9 Hz, Ph), 7.39-7.36 (1H, dd, J=8.1,1.9 Hz, Ph),
7.38—7.36 (1H, dd, J=8.1, 1.9 Hz, Ph), 7.01-6.98 (1H, dd, j=3.4,
1.6 Hz, 6’H), 5.77—5.79 (1H, ddd, J=9.8, 3.3, 2.8 Hz, 7'H), 5.25—5.22
(1H, t, J=2.4 Hz, 8'aH), 5.07—5.02 (1H, dt, J=9.8, 1.8 Hz, 8'H), 4.03
(3H, s, 3-CH3), 3.38 (3H, s, 2/-CH3); dc (100.6 MHz, CDCl3) 163.0,
161.3, 149.8, 148.5, 142.7, 139.0, 138.9, 138.0, 133.9, 133.2, 129.2,
128.8, 125.3, 125.0, 124.1, 121.2, 120.8, 119.0, 104.8, 65.2, 63.2, 53.4,
51.3 ppm; m/z (%) 454.05 [M~', 88], 420.1 (78), 315.1 (28), 257.0
(46), 81.1 (100%).

4.2.5. Dimethyl 2,7-dibromo-4a’H-spiro[fluorene-9,5'-pyrrolo[1,2-b]
pyridazine]-6',7' -dicarboxylate 3e. Yield (474 mg, 35%) as pale yel-
low solid, mp=136—134°C; [Found: C, 50.5; H, 3.0; N, 5.0.
C23H16BraN204 requires C, 50.7; H, 3.00; N, 5.2%]; Rf (CH»Cl) 0.51;
Vmax (KBr) 3170, 2951, 1751, 1701, 1599, 1519, 1195cm™"; y
(400 MHz, CDCl3) 7.73—7.70 (1H, d, J=1.5 Hz, Ph), 7.59—7.48 (5H, m,
Ph), 7.00—6.98 (1H, dd, J=3.4, 1.5 Hz, 6'H), 5.76—5.74 (1H, ddd,
J=9.8, 3.4, 2.8 Hz, 7'H), 5.25—5.21 (1H, t, J=2.3 Hz, 8H), 5.05—5.02
(1H, dt,J=9.8,1.9 Hz, 8’aH), 4.03 (3H, s, 3’-CH3), 3.38 (3H, s, 2’-CH3);
dc (100.6 MHz, CDCl3) 162.9, 161.2, 149.7, 148.6, 142.7, 139.4, 138.9,
138.4,132.1,131.6,127.7,126.9,125.2,122.0,121.6, 121.3,121.2, 119.0,
104.6, 65.2, 63.1, 53.4, 51.3 ppm; m/z (%) 541.21[M~2, 100], 525.8
(24), 481.8 (14), 388.1 (8), 279.5 (13), 163.0 (20%).

4.2.6. Dimethyl 2,7-dibromo-2',3',4' 4a’-tetramethyl-4a’' H-spiro[fluo-
rene-9,5' -pyrrolo[1,2-b]pyridazine]-6,7'-dicarboxylate 3f. Yield (392 mg,
29%) as yellow solid; mp=167—165 °C; [Found: 53.8; H, 4.1; N, 4.5.
Co7H24BroN;04 requires C, 54.00; H, 4.00; N, 4.7%]; Rr (CHxClp) 0.56;
Vmax (KBr) 3175, 2949, 1735, 1681, 1591, 1546, 1178 cm™; oy
(400 MHz, CDCl3) 7.76—7.73 (1H, d, J=1.6 Hz, Ph), 7.62—7.60 (1H, d,
J=1.6Hz, Ph), 7.60—7.56 (1H, d, J=8.1 Hz, Ph), 7.54—7.52 (1H, dd,
J=81, 1.6 Hz, Ph), 7.51-7.48 (1H, d, J=8.1 Hz, Ph), 7.48—7.45 (1H, dd,
J=8.1, 1.6 Hz, Ph), 4.01 (3H, s, 3'-CH3), 3.34 (3H, s, 3H, 2’-CH3), 2.07
(3H, s, 6'-CH3), 1.57 (3H, s, 7-CH3), 1.56 (3H, s, 8’a-CH3), 0.73 (3H, s,
8'-CH3); 6c (100.6 MHz, CDCl3) 163.6, 162.0, 150.8, 149.0, 147.0, 146.3,
140.3,138.5, 138.2, 131.6, 1314, 129.9, 127.4, 122.7, 121.4, 121.2, 1211,
121.0, 101.6, 71.0, 66.2, 53.2, 51.0, 20.3, 19.5, 13.4, 12.6 ppm; m/z (%)
602.01 [M*2,100], 543.9 (80), 404.9 (22), 346.9 (34), 187 (36%).
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