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ABSTRACT

We report a “ship-in-a-bottle” synthesis where encapsulation of copper phthalocyanines (CuPc) into mesoporous channels of silicate MCM-41
was achieved by chemical vapor deposition (CVD) using 1,2-dicyanobenzene (DCNB). Silanol protons of MCM-41 were ion-exchanged with
copper ions before CVD, and when the initial amount of DCNB was much larger than that of copper ions, CuPc molecules in the channels
were found to form a cofacial structure that was confirmed by diffuse reflectance spectra.

In recent years, development of a new family of silicate realized, and the functionality can be tuned by controlling
mesoporous molecular sieves MCM-41 has received muchthe amount and aggregation conditions of Pc. To encapsulate
attention!~!! This material has hexagonally packed arrays Pc into the one-dimensional channels, the following methods
of one-dimensional channels with much larger surface areashave been proposed: direct adsorption of Pc in an appropriate
and narrower pore size distributions than ordinary amorphoussolvent? or by vacuum evaporation, and “ship-in-a-bottle”
silica. The pore size of MCM-41 can be tuned in the range synthesis from molten 1,2-dicyanobenzene (DCNBYor

from 1.5 to 10 nm or more and is larger than the pore size encapsulating Pc densely into the channels, CVD using

of typical microporous zeolites<2 nm).~° Accordingly, DCNB is a promising method, because DCNB is a smaller
the mesoporous MCM-41 has a potential to encapsulatesjzed molecule than CuPc, which has a molecular size of
macromolecules more easily than microporous zeoliees] about 1.5 nm square, and DCNB is expected to enter deep

it offers novel concepts for molecular syntheses and molec-jnto the one-dimensional channels easily. The CVD
ular arrangement using the highly ordered one-dimensional jethods19 is advantageous since the sublimation point of

channelg.** We report herein a simple method for encap- pcnB is much lower than that of CuPc, that is, CVD from
sulation of copper phthalocﬂyarlnnles (CUPC)" into the MCM- peNg s preferable to the vacuum evaporation of CuPc. In
41 channels, that is, a "ship-in-a-bottle” synthesis by qqition, production of CuPc is expected to be highly
chemical vapor deposmon (CVD). Phthglocyanme§ (Pc) have efficient, because diffusion of gaseous molecules is fast and
been_ used extgnswely as dyes, organic electronic elementsa capillary condensation effect can accelerate packing
sensing materials, photoactive materials, and F:a?al?skts. molecules deep into the channéfs®
Pc molecules can be encapsulated densely within the one- . ,
dimensional channels, their linearly arranged structure would _Pure silicate MCM-41 was prepared by using dodecyl-
be formed in each channel. In this highly ordered linear trlmethylammonlum chloride as a templating agent accqrdlng
structure, novel functionality such as conductivity should be t0 the literaturé. The prepared MCM-41 was characterized
by transmission electron microscopy (TEM), powder X-ray
:gcr)avc\‘/ﬂgg gcérhrgzlpg?%ecrilgﬁczhgrlgﬁoﬁ)(i ?Jdn(?\rltzsr,gﬁd. diffraction (XRD) with Cu Ko radiation, and Badsorption-

' Y desorption measurement at 77 K. The surface area and pore
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Figure 1. TEM image of the hexagonal pore structure of calcined
MCM-41.
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sorption behaviof® and the pore diameter distribution
showed a narrow single peak. The average pore diameter
S, andV, were 2.5 nm, 1430 g%, and 0.98 crhig™?,
respectively. A TEM image of the calcined MCM-41 (Figure .
1) shows the regular hexagonal array of uniform channels Cu(ll) was also treated with DCNB (DCNB-MCM) by the

as confirmed by XRD and Nadsorptior-desorption mea- same' proc.edure used for LCU’DCNB]'MCMS‘
surements. To identify the products in the MCM-41 channels, [Cu,-

Calcined silicate MCM-41 has silanol groups whose silanol PCNBJ- and DCNB-MCMs were treated with pyridine by
protons can be replaced by metal ions. As a metal source,Soxhlet extraction, and UWvis absorption spectra of extracts
Cu(ll) ions were introduced into MCM-41 by an ion- Were measured (Figure 2, spectra a and b). Figure 2 includes
exchange method, and thus copper-modified MCM-41 (Cu- @ Spectrum of pure CuPc dissolved in pyridine (spectrum c)
MCM) was obtained. The white MCM-41 (1.0 g) was for comparison. For [Cu,DCNB]-MCMs (Figure 2, spectrum
suspended in 100 mL of the ethanol solution of Cu(ll) acetate & only [1,4-MCM is shown for simplicity), the spectral
monohydrate (5. 102 or 3.0x 10-5 mol dn3), and the shape and peak positions are consistent with those of the
suspension was stirred at 298 K fbh toreach adsorption ~ CuPc in pyridine (Figure 2, spectrum c) in the Q-band region
equilibrium. After the adsorption equilibrium was confirmed (600-700 nm). This agreement indicates that CuPc was
by measuring the absorption spectra of the supernatantsurely formed in [Cu,DCNBJ-MCMs. A slight spectral
containing residual copper ions, the Cu-MCM was removed difference is recognized in the Soret-band region (3600
by filtration, washed with ethanol, and dried at 353 K for 2 Nm) between spectra a and c (Figure 2). This difference can
h. The light blue Cu-MCM was evacuated at 473 K and 1 be ascribed to unreacted DCNB = 306 nm) and
x 1078 Torr for 2 h, and finally pale-greenish gray Cu-MCM  intermediates. A mechanism for the reactions of the DCNB
was obtained. The XRD pattern of Cu-MCM was essentially With Cu(ll) has been proposed; CuPc is formed via oligo-
the same as that of parent MCM-41. The amount of Cu(ll) isoindolenine intermediates activated by Cu(ll) i8hghus,
loaded into the MCM-41 was adjusted by changing the @ small amount of intermediates are inevitably included in

concentration of Cu(ll) solution, and it was determined to [CU,DCNB]-MCMs. For DCNB-MCM (Figure 2, spectrum
be 1.5x 104 or 3.0x 106 mol g-* for 5.1 x 102 or 3.0 b), only an intense absorption band is observed at 306 nm,

x 105 mol dm2 of Cu(ll) solution, respectively. Determi-  and the band can be ascribed to DCNB, which did not react

nation of Cu(”) loaded into MCM-41 was carried out by at all without CU(”) ions. This is also confirmed by the fact
measuring UV-vis absorption spectra of Cu(ll) acetate that absorption bands corresponding to the Q-band and the
solution before and after the ion-exchange treatment. DCNB Soret-band of Pc cannot be recognized in the spectrum.
was purified by sublimation in vacuo, and white cotton-like  Figure 3 shows Madsorption-desorption isotherms for
crystals were obtained. DCNB was put in a small glass tube Cu-, [1,4]-, and [1,12]-MCMs. All of these isotherms can
(30 mmx 6 mm o.d.), and this small glass tube was placed be classified as type I¥2 It is easily seen that the adsorbed
in another glass tube (90 mm 15 mm o.d.) that contained amount of N reduces with increasing DCNB/Cu ratig,
Cu-MCM. The latter tube was sealed in vacuo at 1.0°® andV, of these samples were estimated to be 123@mh

Torr and heated at 453 K for 12 h. During heating under 0.82 cn? g~! (Cu-MCM); 1190 nig™%, 0.74 cnig* ([1,4]-
vacuum, DCNB was sublimed and transferred into Cu-MCM. MCM); and 1020 g%, 0.64 cnig~* ([1,12]-MCM). The
Cu-MCM became deep blue during the above procedure. Thereduction ofS, and V, indicates that materials, including
products are designated a§Y]-MCM, whereX andY mean CuPc, were certainly encapsulated within the one-dimen-
initial amounts of Cu(ll) and DCNB in molarity, respectively, sional channels of MCM-41. Since there was not much
and X is normalized to 1.5« 10~ mol g *. Three [Cu,- difference in the XRD patterns among these samples, there

DCNBJ-MCM samples were prepared; they are [0.02,4]-,
[1,4]- and [1,12]-MCMs. As a reference, MCM-41 without
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Figure 3. N, adsorption-desorption isotherms at 77 K for (a) Cu-  Figure 4. Diffuse reflectance spectra of (a) [0.02,4]-MCM, (b)
MCM, (b) [1,4]-MCM, and (c) [1,12]-MCM. Volume is normalized ~ [1,4]-MCM, and (c) [1,12]-MCM.
to standard temperature and pressure.

L molecular exciton theor$f. For the case of [0.02,4]-MCM
seems to be no significant collapse of the hexagonally paCked(Figure 4, spectrum a), the most intense band at 690 nm is

array structure during the CVD process. assigned to the (60) band of monomeric species. On the
For comparison with the CVD method, vacuum evapora- giher hand, the second-most intense band at 620 nm is
tion was carried out to encapsulate CuPc itself into the .qnsidered to be composed of both the-10 band of

channels of MCM-41. MCM-41 was put in a glass tube with - oo mers and some dimeric species. Although existence of
pure CuPc and treated in the same way as DCNB-MCM. ¢ p¢ dgimers is recognized in [0.02,4]-MCM, monomer is
However, no CuPc was transferred to the MCM-41 channels regarded as the predominant species judging from the low-

at all, when the tube was heated at 453 K under the samejyensity ratio of the band at 620 nm to the one at 690 nm.

conditions as used for preparing [Cu,DCNBJ-MCMs. When Thus, it can be said that the density of CuPc is low and that
the temperature was raised to 673 K, pale blue product wascp¢c molecules are monodispersed in the MCM-41 channels.
obtalned, indicating deposition of small amount of CuPc. 5, increasing the DCNB/Cu ratio such as in [1,4]- and [1,-
Judging from the color change of MCM-41, the CVD method 151 vicms, the intensity ratio of the band at 620 nm to the

based on DCNB is effective to produce of CuPc compared yng ot 690 nm increases remarkably, and no further spectral
with the direct incorporation of CuPc by vacuum evaporation. p.« shift is observed (Figure 4, spectra b and c). These
Itis interesting to consider whether CuPc molecules take roqits suggest that the amount of cofacial dimeric species

a certain arrangement within the MCM-41 channels. TO j,creases when more CuPc is produced. From these results,
discuss the structural arrangements, diffuse reflectance (DR);t can be concluded that the amount of CuPc product and

spectralwere me.a.sured. using MgO as a dilution medium in 51 ular aggregation in the MCM-41 channels can be
an ambient condition. Figure 4 shows the DR spectra of the g,ccessfully controlled by adjusting the initial amounts of
[0.02,4]-, [1,4]-, and [1,12]-MCM samples; their intensities HcNB and cu(l).

were calculated by the Kubelkdunk equatiorF(R.).** For In summary, a “ship-in-a-bottle” synthesis of CuPc within

each [Cu,DCNBJ-MCM, two absorption bands are observed o \jcM-41 mesoporous channels was achieved by a CVD

at 690 and 620 nm corresponding to Q-bands of CUPC. ethod. The DR spectra of [Cu,DCNBJ-MCM samples
Spectral analysis of the Q-band is useful for discussing thesuggested that changing the DCNB/Cu mole ratio could

Pc-Pc interaction. Although the spectral shape of [0.02,4]- ¢,nirol the intermolecular interaction of CuPc. That is,
MCM in the Q-band region (Figure 4, spectrum a) is similar \qecylar arrangement can be controlled by the method
to that of pure CuPc in pyridine (Figure 2, spectrum c), the proposed in this paper, and the proposed method can be

intensity ratio of the band at 620 nm to that at 690 N gytended not only to develop new Pc-based devices, but also
increases, and the bandwidth becomes slightly broadened; t5pricate other functional material systems.

Generally, when CuPc monomers exist in a good solvent,

the most and second-most intense bands in the Q-band region Acknowledgment. This work was partially supported by
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CuPc, since such spectral characteristics were observed for

a small amount of Pc dimers in a poor solvent with Pc  Supporting Information Available: XRD patterns and
monomerg® The dimer gives a blue-shifted band, which can N, adsorptior-desorption isotherms of calcined MCM and
be ascribed to cofacially stacked species based on themodified MCMs, and spectral data of DCNB and extracts
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