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Abstract

The cyclization and cycloreversion of the photochromic single crystal 1,2-bis(2-methyl-3-thienyl)perfluorocyclopentene were investigated
by Raman spectroscopy using an excitation wavelength of 785 nm. Polarized Raman spectra of the ring-open form using an excitation
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avelength of 514 nm indicated that the ring-open isomers are regularly oriented in the crystal. The depolarization ratio of the Ram
40 cm−1 was 0.40 in scattered polarization of the Raman spectra when excited with a wavelength of 633 nm. Raman spectra of th
nd ring-closed isomers were calculated with the Gaussian 98 program at the B3LYP/6-31G* level, and the results were in good
ith the recorded Raman spectra. The vibrations were assigned on the basis of the calculations and polarized Raman spectra.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Organic photochromic molecules have gained much at-
ention for their potential applications to optical memory and
hotoswitches[1–3]. So far considerable interest has been

ocused on photochromic diarylethenes due to the high con-
ersion efficiency of the reversible photochromic reactions,
xcellent thermal stability of both isomers, and good fatigue
esistance[4–12]. Diarylethenes have shown great promise
s new materials for optoelectronic devices and molecular
witches[13,14].

Raman scattering is an effective technique for elucidat-
ng molecular structure. Steady-state Raman spectra provide
ignificant information about the vibrational states and ar-
angement of a material[15]. By controlling the polarization
irections of the incident and scattered light, the Raman polar-

zation selection rules allow identification of the information
bout the symmetry of vibrations for a particular excitation

16]. The application of polarized Raman spectra would be

∗ Corresponding authors. Tel.: +86 10 62782596; fax: +86 10 62770304.

very useful to investigate the orientation of the photochro
diarylethenes in single crystals.

The photochromic performance of diarylethene has
widely investigated. However, there have been few inv
gations of the Raman spectra of diarylethene. To the
of our knowledge, the only two published reports by Se
and co-worker demonstrated that the Raman spectro
is useful to distinguish the open-ring and closed-ring fo
of diarylethenes in solution[17,18]. Here we wish to re
port the Raman spectra of photochromic 1,2-bis(2-me
3-thienyl)perfluorocyclopentene in single crystals.

The photochromic reaction of a typical diarylethene1 is
shown inScheme 1. Both the antiparallel and parallel co
formers exist in solution[19], but it is possible to prepa
only the antiparallel conformer in a single crystal. Theref
the application of Raman spectroscopy to diarylethen
single crystals maybe very useful to investigate cycliza
and cycloreversion processes. We succeeded in disting
ing the Raman bands of the open-ring and closed-ring
mers. Polarization of the Raman spectra is consistent
the assignment of the vibration.
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.10.004
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Scheme 1.

2. Experimental

2.1. Synthesis

Diarylethene 1a was synthesized from 2-methyl-
thiophene according to the procedures in literature[20,21].
Colorless single crystals of1awere obtained fromn-hexane
by slow evaporation. The structure was determined by X-
ray crystallography, and the crystals belong to triclinic space
groupP 1̄.

2.2. Raman spectra

Raman spectra were obtained with a microscopic confo-
cal Raman spectrometer (model RM 2000, Renishaw PLC,
England), which used a charge-coupled device (CCD) de-
tector with a resolution of 1 cm−1. The power was always
maintained very low to avoid the destruction of the crystal.

Raman spectra of the ring-open and ring-closed form of
the crystal were measured with an excitation wavelength of
785 nm, which could avoid the cycloreversion reaction of the
ring-closed form.

Polarized Raman spectra of the crystal in the ring-open
form were investigated using an excitation wavelength of
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Fig. 1. Raman spectra of single crystal of 1,2-bis(2-methyl-3-
thienyl)perfluorocyclopentene before (a) and after (b) 365 nm irradiation
using an excitation wavelength of 785 nm.

3. Results and discussion

3.1. Observed and calculated Raman spectra

Single crystals of1abelong to the triclinic system. The dis-
tance between the reacting carbon atoms was 3.58Å, which
is short enough for a photochromic reaction. Upon photoir-
radiation of 365 nm, the colorless crystals turned red, and in
turn, the red crystals became colorless under irradiation of
visible light (λ > 500 nm).

Fig. 1shows the Raman spectra of1a in single crystals be-
fore and after UV irradiation using an excitation wavelength
of 785 nm. AsFig. 1a and 1b indicate, the Raman spectra
of the ring-open and ring-closed isomers are very different.
The difference enables us to distinguish the Raman bands of
the two isomers. In the open form, there are four prominent
Raman bands at 737, 1523, 1529 and 1622 cm−1.

The Raman bands changed greatly upon irradiation with
UV light. Table 1 indicates the ratios of Raman intensity
relative to 1622 cm−1 of single crystals of diarylethene1a
before and after UV irradiation. The ratio of the intensities
between 737 and 1622 cm−1 decreased from 1.61 for the ring-

Table 1
Ratios of Raman intensity of the prominent bands relative to 1622 cm−1 of
single crystals of diarylethene1abefore and after UV irradiation

R

I
I
I

14 nm. Raman spectra were recorded when the exci
eam was rotated every 20◦ with a polarizer.

Raman spectra with scattered polarization were ex
ith a wavelength of 633 nm. In order to measure a stan
epolarisation ratio, two measurements were required

wo states analyzed were those with scattered polariz
arallel to that of the polarized excitation beam and per
icular to that of the excitation beam.

.3. Computational methods

Raman spectra of the ring-open and ring-closed iso
ere calculated with the Gaussian 98 program[22]. The re-
ults were obtained using Density Functional Theory (D
alculated at the B3LYP/6-31G* level, and C2 symmetry wa
mposed. The theoretical values of frequencies were s
own by a factor of 0.9613.
atio Ring-opena Ratio Ring-closedb

2/I1 0.52 I2′/I1′ 0.61

3/I1 0.16 I3′/I1′ 0.47

4/I1 1.61 I4′/I1′ 0.86

a I1: 1622 cm−1, I2: 1529 cm−1, I3: 1436 cm−1, I4: 737 cm−1.
b I1′ : 1622 cm−1, I2′ : 1529 cm−1, I3′ : 1436 cm−1, I4′ : 737 cm−1.
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Table 2
Observed and calculated Raman bands of the ring-open isomer

Raman band (cm−1) Assignmenta

Number Observed Calculated

I1 1622 1613 C C str of perfluorocyclopene
I2 1529 1533 C C asym str of thiophene
I5 1523 1530 C C sym str of thiophene
I3 1436 1437 Str of whole thiophene
I4 737 738 Twisting of thiophene

open form to 0.86 for the ring-closed form. However, the ra-
tio of the intensities between 1436 and 1622 cm−1 increased
from 0.16 for the ring-open form to 0.47 for the ring-closed
form. In the ring-closed isomer, the 1436 cm−1 band was
assigned to the CC stretching of the newly generated con-
jugated system. Several new bands, such as 418, 590, 883
and 1313 cm−1 appeared in the Raman spectra of the ring-
closed isomer. These bands can also be used to detect the
formation of the ring-closed isomer. Upon irradiation with
visible light the intensities of the bands of the ring-closed
isomer significantly decreased, while those of the ring-open
isomer increased. Thus, cyclization/cyclo-reversion of 1,2-
bis(2-methyl-3-thienyl)perfluorocyclopentene in single crys-
tals were observed by Raman spectroscopy.

Raman spectra of the ring-open and ring-closed isomers
were simulated by density functional theory (DFT) calcula-
tions, which were performed with the B3LYP function at the
6-31G* level, and C2 symmetry was imposed. All the calcu-
lations were carried out with the Gaussian 98 program[21].
The theoretical values of frequencies were scaled down by a
factor of 0.9613.

As shown inTable 2, the calculated vibrational frequen-
cies of the ring-open isomer are in good agreement with the
recorded Raman spectra. The Raman band at 1613 cm−1 was
assigned to the CC stretching of the perfluoro-cyclopentene
m −1
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Table 3
Observed and calculated Raman bands of the ring-closed isomer

Raman band (cm−1) Assignmenta

Number Observed Calculated

I1′ 1622 1617 C C asym str
I2′ 1529 1565 C C sym str

1511
I3′ 1436 C C str
I6′ 1313 1312 C C str
I7′ 1195 1209 C C strb

a Str indicates stretching; sym indicates symmetry; asym indicates asym-
metry.

b C C stretching of the reacting carbon atoms in the photochromic reac-
tion.

Raman band at 1637 cm−1 of single crystal of1a. Raman
spectra were recorded when the excitation beam was rotated
every 20◦ with a polarizer. It was interesting to see that the
intensity of the Raman band changed periodically. Intensity
of the Raman shift at 1637 cm−1 dramatically changed when
the excitation beam was rotated 90◦. At a certain angle, 0◦, the
crystal showed a high intensity of 6797. When the excitation
beam was rotated as much as 90◦, the crystal showed a rela-
tively lower intensity of 3212. The depolarization ratio of the
band at 1637 cm−1 (ρ90◦/0◦ ) was 0.47. The Raman intensity
changed periodically as the excitation beam rotated, which
indicated that the ring-open isomers are regularly oriented in
the crystal.

Raman spectra with scattered polarization of1a using
an excitation wavelength of 633 nm are shown inFig. 3.
Fig. 3a shows Raman spectra of1a with scattered polar-
ization parallel to that of the polarized excitation beam.
Fig. 3b shows Raman spectra of1a with scattered polariza-
tion perpendicular to that of the excitation beam. For bands
at 1637 cm−1 (I1), 1438 cm−1 (I3) and 740 cm−1 (I4), the
Raman intensities shown inFig. 3b decreased relative to
the intensities of the bands inFig. 3a. The depolarization
ratio (I⊥/I||) of the band at 740 cm−1 (I4) was 0.40. How-
ever, as shown inFig. 3b, at 1543 cm−1 (I2), the Raman in-
tensity increased, which was regarded as anti-polarization.
T the

F

oiety. The character of the 1533 cmmode was CC
symmetric stretching of the thiophene ring, whereas th

he 1530 cm−1 mode was CC symmetric stretching of th
hiophene ring. The 1437 cm−1 mode involved stretching o
he whole thiophene moiety. And the band at 738 cm−1 was
ssigned to twisting of the thiophene moiety. The polariza
easurement was consistent with the assignment.
Table 3shows the calculated spectrum of the ring-clo

somer. Some of the prominent recorded bands we
ood agreement with the calculated vibrational frequen
he 1617 cm−1 band was assigned to the CC asymmetric
tretching, whereas the character of the 1565 cm−1 mode was

C symmetric stretching. And the 1209 cm−1 band was as
igned to the CC stretching of the reacting carbon atom

.2. Polarized Raman spectra in a single crystalline
hase

The triclinic-shaped single crystal of1a consists of six
urfaces of parallelograms.Fig. 2 shows polar plots of th
he iterative changes of the intensity indicate again

ig. 2. Polar plots of the Raman band at 1637 cm−1 of single crystal of1a.
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Fig. 3. Raman spectra of1a with scattered polarization parallel (a) and
perpendicular (b) to that of the polarized excitation beam using excitation
wavelength of 633 nm.

regular orientation of the ring-open isomers in single
crystals.

4. Conclusions

The difference between the Raman spectra of the two iso-
mers of the photochromic single crystal of 1,2-bis(2-methyl-
3-thienyl)perfluorocyclopentene was very apparent. Polar-
ized Raman spectra of the ring-open form indicated that the
ring-open isomers are regularly oriented in the crystal. The
depolarization ratio of the band at 740 cm−1 was 0.40 in
scattered polarization of the Raman spectra. Density func-
tional theory calculations at the B3LYP/6-31G* level were
in good agreement with the recorded Raman spectra. Based
on the calculations and polarized Raman spectra, the vibra-
tions were assigned.

Acknowledgements

This work was supported by the National Natural Science
Foundation (20333080), and the Projects of Development

Plan of the State Key Fundamental Research “Fundamental
Research of Materials and Apparatus of Super-High Density
Near-Field Optical Storage” (G2003AA311131).

References

[1] T. Kodani, K. Matsuda, T. Yamada, M. Irie, J. Am. Chem. Soc. 122
(2000) 9631.

[2] S. Kobatake, K. Shibata, K. Uchida, M. Irie, J. Am. Chem. Soc. 122
(2000) 12135.

[3] X.F. Guo, D.Q. Zhang, T.X. Wang, D.B. Zhu, Chem. Commun. 914
(2003).

[4] M. Irie, Chem. Rev. 100 (2000) 1685.
[5] M. Irie, K. Uchida, Bull. Chem. Soc. Jpn. 71 (1998) 985.
[6] K. Uchida, A. Takata, S. Nakamura, M. Irie, Chem. Lett. (2002)

476.
[7] H. Tian, B. Qin, R.X. Yao, X.L. Zhao, S.J. Yang, Adv. Mater. 15

(2003) 2104.
[8] A. Peters, N.R. Branda, J. Am. Chem. Soc. 125 (2003) 3404.
[9] K. Kasatani, S. Kambe, M. Irie, J. Photochem. Photobiol. A: Chem.

122 (1999) 11.
[10] K. Higashiguchi, K. Matsuda, M. Matsuo, T. Yamada, M. Irie, J.

Photochem. Photobiol. A: Chem. 152 (2002) 141.
[11] T. Tsujioka, M. Kume, M. Irie, J. Photochem. Photobiol. A: Chem.

104 (1997) 203.
[12] D. Majumdar, H.M. Lee, J. Kim, K.S. Kim, J. Chem. Phys. 111

(1999) 5866.
[13] M. Irie, S. Kobatake, M. Horichi, Science 291 (2001) 1769.
[ ature

[ trosc.

[ 20.
[ , H.

Lett.

[ , M.

[
[ um.

[
[ obb,

trat-
.N.
i, R.
ter-
ick,

J.V.
orz,
.A.
.W.
lez,
ssian,
14] C. Bechinger, S. Ferrere, A. Zaban, J. Sprague, B.A. Gregg, N
(1996) 383.

15] A. Takase, T. Koga, K. Nonaka, S. Sakagami, J. Raman Spec
30 (1999) 1073.

16] H. Rho, M.V. Klein, P.C. Canfield, Phys. Rev. B 69 (2004) 1444
17] C. Okabe, N. Tanaka, T. Fukaminato, T. Kawai, M. Irie, Y. Nibu

Shimada, A. Goldberg, S. Nakamura, H. Seikiya, Chem. Phys.
357 (2002) 113.

18] C. Okabe, T. Nakabayashi, N. Nishi, T. Fukaminato, T. Kawai
Irie, H. Seikiya, J. Phys. Chem. A 107 (2003) 5384.

19] S. Nakamura, M. Irie, J. Org. Chem. 53 (1988) 6136.
20] T. Saika, M. Irie, T. Shimidzu, J. Chem. Soc. Chem. Comm

(1994) 2123.
21] S. Kodatake, M. Irie, Bull. Chem. Soc. Jpn. 77 (2004) 195.
22] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. R

J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. S
mann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K
Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Coss
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Och
ski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, D.K. Mal
A.D. Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski,
Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A. Liashenko, P. Pisk
I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M
Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M
Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres, C. Gonza
M. Head-Gordon, E.S. Replogle, J.A. Pople, Gaussian 98, Gau
Inc., Pittsburgh PA, 1998.


	Raman spectra study of photochromic diarylethene in a single crystalline phase
	Introduction
	Experimental
	Synthesis
	Raman spectra
	Computational methods

	Results and discussion
	Observed and calculated Raman spectra
	Polarized Raman spectra in a single crystalline phase

	Conclusions
	Acknowledgements
	References


