ing member of each pair identified as the
desired iodide and smaller, slower member
identified as the silyl pyridone starting ma-
terial. Demethylation gave a pyridone mix-
ture (M)-7, which resolved into two com-
ponents on preparative separation over reg-
ular silica gel. Liquid chromatography—
mass spectrometry analysis of the less polar
fraction showed only four peaks, which
were the four desired iodopyridones (M)-7.
The more polar impurity fraction was not
analyzed but is evidently a mixture of four
products resulting from failure of trimeth-
ylsilyl/iodine exchange followed by suc-
cessful demethylation.

The purified mixture was then reacted
with one propargyl halide [RZ =
Si(Me,)CH=CH,]. This mixture (M)-8 was
purified again by silica gel flash chromatog-
raphy. The purified mixture (M)-8 was divid-
ed into five portions, and each was reacted
with the five isonitriles in Fig. 3 to give five
mixtures of four compounds each [(M)-5,
R? = H]. The mixtures were then demixed as
above after addition of the mappicine stan-
dard. Each mixture showed only the expected
four peaks (20 out of 20 products formed, no
impurities) in the expected order. The aver-
age four-step overall yield with two interme-
diate purifications was 6% [see the supple-
mental material for a table of all yields and
retention times (29)]. In the experiment, all
20 products could be isolated in pure form by
preparative demixing, which illustrates the
potential benefits of intermediate mixture pu-
rification when nonquantitative reactions are
involved.

Techniques like fluorous quasiracemic
synthesis, which focus on a single mixture,
can be used to leverage traditional synthetic
research (such as natural product synthesis)
by providing more than one product at the
end. When used in a parallel synthesis like
that of mappicine, fluorous mixture meth-
ods allow the synthesis of multiple complex
scaffolds made as mixtures. These scaffold
mixtures are then leveraged in the parallel
synthesis stage by providing multiple prod-
ucts per vessel or well in good yield and
excellent purity after demixing. Although
this work describes only four-compound
mixtures, the internal yield standard has a
fifth tag, so it is already certain that five-
compound mixtures can be made. On the
basis of the steep gradient used and the
peak separations in the HPLC library ex-
periments, we think that expansion to at
least 8- and possibly 10-compound mix-
tures should be straightforward.
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Reversible Surface Morphology
Changes of a Photochromic
Diarylethene Single Crystal by
Photoirradiation

Masabhiro Irie,* Seiya Kobatake, Masashi Horichi

The surface morphology of a diarylethene single crystal [1,2-bis(2,4-dimethyl-
5-phenyl-3-thienyl)perfluorocyclopentene] determined by atomic force mi-
croscopy changed reversibly upon photoirradiation. The crystal underwent a
thermally irreversible but photochemically reversible color change (colorless to
blue) upon alternate irradiation with ultraviolet (wavelength A = 366 nm) and
visible (A > 500 nm) light that drove reversible photocyclization reactions.
Upon irradiation with 366-nm light, new steps appeared on the (100) single-
crystalline surface that disappeared upon irradiation with visible light (A > 500
nm). The step height, about 1 nm, corresponds to one molecular layer. Irra-
diation with 366-nm light formed valleys on the (010) surface that also dis-
appeared by bleaching upon irradiation with visible light (\ > 500 nm). The
surface morphological changes can be explained by the molecular structural
changes of diarylethenes regularly packed in the single crystal. These crystals
could potentially be used as photodriven nanometer-scale actuators.

Photochromism is the reversible transformation
by photoirradiation of a chemical species be-
tween two forms that have different absorption
spectra (I, 2). Among various photochromic
materials, photochromic single crystals are of
particular interest because of their potential use-
fulness for holographic and three-dimensional
memories (3—6). Although various kinds of
photochromic crystals have been developed (3,
7-9), crystals that undergo thermally irrevers-

ible photochromic reactions (/0) are very rare.
Recently, we have developed thermally irre-
versible and fatigue-resistant photochromic
diarylethene crystals (//-2/). The photoin-
duced coloration-decoloration cycles of the
crystals can be repeated more than 10* times
while maintaining the shape of the single crys-
tals, and the photogenerated colored states are
stable even at 100°C. During our studies of the
single-crystalline photochromism, we found
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Scheme 1.
A
B
— R
|
1.0 mm
A (100)
B (010)

Fig. 1. Photographs of photoirradiated crystal
1. (A) Top and (B) side views of the crystal;
366-nm light was used as the light source. (C)
The shape of the crystal.

Fig. 2. AFM images of
(A to C) the (100)
crystal surface and (D
to F) the (010) sur-
face: before photoir-
radiation, (A) and (D);
after irradiation with
366-nm light for (B)
10 s and (E) 15 s; and
after irradiation with
visible light (A > 500
nm), (C) and (F).

REPORTS

that some of the diarylethene single crystals
showed reversible surface morphological
changes when alternately irradiated with
ultraviolet (UV) and visible light. Here, we
report on the atomic force microscopy (AFM)
study of the morphological changes and the
molecular mechanism as assessed by x-ray
crystallographic analysis. The reversible mor-
phological changes are potentially applicable to
photodriven, nanometer-scale actuators.
Morphological changes of photoreactive
single-crystal surfaces were reported initially by
Kaupp (22), who found that photodimerizations
of trans-cinnamic acids (23) and anthracenes
(24, 25) in the crystalline phase induced the
surface morphological changes. The morpho-
logical changes were attributed to phase-re-
building of the surface molecules upon photo-
isomerization. The changes were irreversible,
however, and a critical claim that local heating
may contribute to some extent to the morpho-
logical changes still remained (26). When the
effect is reversible, the claim can be excluded.
The colorless single crystal of 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)perfluorocyclo-
pentene (1a) turned blue without change of the
crystal shape upon irradiation with 366-nm
light. The color change resulted from the forma-
tion of the closed-ring isomer (1b) (27). To
confirm that the photoreaction (Scheme 1) takes

place inside the crystal bulk, we observed the
color change of a partially photoirradiated single
crystal from both sides of the crystal (top view,
Fig. 1A; side view, Fig. 1B). Upon irradiation
with 366-nm light, the surface turned blue (Fig.
1A). The photographs clearly indicate that light
penetrates the crystal into the bulk and induces
the photoreaction as deep as 500 pm.

The shape of the crystal is shown in Fig. 1C.
To determine the morphological changes that
accompany the change in coloration, we mea-
sured surface A and sectional surface B with an
atomic force microscope (28). The B surface
was obtained by the cleavage of the crystal with
arazor blade. The A surface of crystal 1a before
photoirradiation was flat (Fig. 2A). Upon irra-
diation for more than 10 s with 366-nm light
(intensity 12 mW/cm?), steps appeared on the,
surface (Figs. 2B and 3). Any step formation
was not discerned during the initial 10-s irradi-
ation but appeared after the induction period.
The step height was 1.0 = 0.1 nm. The step
disappeared by bleaching upon irradiation with
visible light (\ > 500 nm) (Fig. 2C). When the
irradiation time was prolonged, the number of
the steps increased and steps with heights of
2.0 = 0.2 nm and 3.0 £ 0.3 nm appeared (Fig.
3). The height was always a multiple of the
minimum step height (1.0 = 0.1 nm), and we
did not observe any steps with a height lower
than the unit height (1.0 = 0.1 nm). The mor-
phological change was reversible and correlated
with the color change of the crystal.
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The AFM images of the B surface before
and after UV irradiation are shown in Fig. 2, D
to F. Upon irradiation for 15 s with 366-nm
light (intensity 12 mW/cm?), the crystal turned
blue and valleys appeared on the crystal sur-
face. The depth of the valley was estimated to
be 10 to 50 nm. The valley almost disappeared
by bleaching upon irradiation with visible light
(A > 500 nm) (Fig. 2F). The morphological
change was again reversible and correlated with
the color change.

To determine the relation between the re-
versible formation of steps and valleys and
photoisomerization of the diarylethene mole-
cules, we carried out x-ray crystallographic
analysis of 1a and 1b (29). Figure 4 shows the
Oak Ridge Thermal Ellipsoid Plot (ORTEP)
drawings of 1a and 1b. The distance between
the reactive carbon atoms of 1a was determined
to be 0.396 nm, which is close enough for a
photoreaction to occur (30). The face index of
the A surface was determined to be (100). The
sectional B surface corresponds to (010).

The molecular packing of the colorless
open-ring isomers viewed from the A and B
faces is shown in Fig. 5. Because of the

00
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1.1 nm
1.0 nm 1.4 Fml
0.
-3.0 T
0 250 500
cnm nm
3.0

: _n___'\?i nm

\.L‘__..,JQ'":L

250 500
nm

-3.0
0

Fig. 3. AFM images of multisteps formed on the
(100) crystal surface by irradiation with 366-
nm light for 60 s. (A) Top view; (B and C)
sectional views. These steps disappeared and
the surface became flat after irradiation with
visible light (A > 500 nm).
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difficulty of determining in situ the struc-
ture of the photogenerated closed-ring iso-
mer in the open-ring isomer la crystal by
x-ray crystallographic analysis, we carried
out absorption anisotropy (polar plot) mea-
surement (/4, 15) of the UV-irradiated sin-
gle crystal to determine the structural
change. The blue arrows in Fig. 5, A and B,
show the direction of the transition moment

vectors at 630 nm of the closed-ring iso-
mers derived from the polar plots viewed
from the A and B faces. The direction of
the arrows coincided with the direction of
the long axis of the colorless open-ring
isomers, so that each molecule can undergo
the cyclization reaction while remaining in
the same position.

In previous studies (/4, 18) we reported

Fig. 4. ORTEP draw-
ings of (A) 1a and
(B) 1b showing 50%
probability displace-
ment ellipsoids.

0.39
nm

o G

1.39 nm

76.5°

Fig. 5. Packing diagram of the (100) surface (A) and (010) surface (B) of 1a, which correspond to
A and B surfaces, respectively. Red arrows show the directions of formation of steps or valleys; blue
arrows show the direction of the transition moment of 630-nm absorption. Typical molecular
structures of packed 1a are also shown at the right. Sulfur and fluorine atoms are shown by yellow-
and green sticks, respectively. Hydrogen atoms are omitted for clarity.
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that the distance between the 5- and 5'-
carbons of the two thiophene rings of
1,2-bis(2,5-dimethyl-3-thienyl)perfluoro-
cyclopentene is shortened as much as
~10%, and unit cell lengths and volume
tend to decrease during the cyclization
reaction in the crystal. X-ray crystallo-
graphic analysis of 1b similarly confirmed
that the distance between the edges of two
phenyl rings was shortened from 1.41 to
1.39 nm when 1a was converted to 1b (Fig.
4). The cofacial orientation of the coplanar
planes of 1b (Fig. 5B) allows the molecules
to pack each other closely, which decreases
the unit cell along the ¢ axis. This effect
would explain the valley formation on the
sectional B surface after UV irradiation.
The direction of the valley is the same as
the direction of the red arrow in Fig. 5B
(76.5° tilted from the b-c plane) to with-
in =2°. Upon visible-light irradiation, the
thiophene rings again rotated to the twisted
conformation and expanded the ¢ axis to
fill up the valley.

The shortening in the distance between the
phenyl ring edges by the cyclization reaction
results in the decrease in the thickness of the
molecular layers shown in Fig. 5B. The shrink-
ing of the molecular layers produces vacancies
in the crystal bulk. Accumulation of vacancies
deep within the crystal allows the surface mo-
lecular layer to sink as much as one layer (~1
nm). According to the geometrical structural
change shown in Fig. 4, the one-layer vacancy
requires the photocyclization reactions of at
least 60 molecular layers. Irradiation for 10 s
with 366-nm light (intensity 12 mW/cm?) in-
duces the photocyclization reactions of 1.0 X
10'7 molecules/cm? in the single crystal by
taking into account 50% transmittance of the
thin crystal at 366-nm light and the quantum
yield of 0.96 (21). This corresponds to the
photocyclization reactions of 600 molecular
layers. The reactions take place as deep as 500
pm (Fig. 1). Therefore, the reacted molecules
are not localized in the 600 layers but are
distributed in about 5 X 10° layers (= 500 wm).
The number of reacted molecules in 600 (ver-
sus 60) molecular layers is necessary to produce
the one-molecular layer vacancy. When the
number of reacted molecules is less than 1.0 X
10'7 molecules/cm?, the steps have been barely
formed. The induction period is the accumula-
tion time of the reacted molecules until 1.0 X
10'”7 molecules/cm?. This process would ex-
plain step formation on the A crystal surface.
Upon prolonged irradiation, the vacancies in-
crease and two or more molecular layers sink.
The direction of the step formation was along
the ¢ axis (Fig. SA, red arrow). The rather weak
interaction between perfluorocyclopentene
groups possibly induces the step formation
along the ¢ axis. The cycloreversion reaction
filled up the vacancies, and the surface with
steps again returned to the initial flat surface.
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The crystal reversibly shrank and expanded
by alternate irradiation with UV and visible
light. The shrinkage of the surface was digital,
and each step corresponded to the thickness of
one molecular layer as short as 1 nm. The
reversible surface morphological changes could
be applied to photodriven, nanoscale actuators
that reversibly change thickness stepwise by
alternate irradiation with UV and visible light.
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Ablation, Flux, and Atmospheric
Implications of Meteors Inferred
from Stratospheric Aerosol

D. J. Cziczo,"? D. S. Thomson,2 D. M. Murphy'*

Single-particle analyses of stratospheric aerosol show that about half of the
particles contain 0.5 to 1.0 weight percent meteoritic iron by mass, requiring
a total extraterrestrial influx of 8 to 38 gigagrams per year. The sodium/iron
ratio in these stratospheric particles is higher and the magnesium/iron and
calcium/iron ratios are lower than in chondritic meteorites, implying that the
fraction of material that is ablated must lie at the low end of previous estimates
and that the extraterrestrial component that resides in the mesosphere and
stratosphere is not of chondritic composition.

Accurate measurement of the flux of inter-
planetary material to Earth has proven diffi-
cult because the majority of extraterrestrial
matter incident on the atmosphere is in the

form of micrometeors that ablate at ~100-km
altitude when atmospheric pressure causes
sufficient frictional heating (/-6). Only a
minor fraction reach the surface without va-
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