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Novel photoresponsive materials based on ruthenium(II) s-acetylides coupled to an azobenzene

moiety in the main p-conjugated chain have been synthesized. The introduction of a metal acetylide

fragment in the same conjugated chain as the azobenzene induces the trans-cis-trans isomerization of

the azo unit, while the rate of the thermal cis / trans back isomerization increases with increasing

overall electron richness of these compounds. These azobenzene-containing ruthenium(II) acetylides

show satisfactory processability and give rise to spin-coated uniform thin films. Formation of

surface-relief gratings on their amorphous thin films and in a PMMA polymer matrix using

a picosecond pulsed laser at 532 nm results in instantaneous inscription: saturation of the first order

diffraction efficiency and of the modulation amplitude of gratings were obtained in less than 1 s, while

the orientation of these azodyes remains unchanged for up to 6 months.
Introduction

Photoresponsive molecular materials are currently attracting

significant attention in relation to the emergence of molecular

electronics. In particular, mechanical motions of azobenzene-

based materials induced by photoirradiation have attracted

a great deal of attention, because of the large structural rear-

rangement of the azo unit. In particular, photoinduced surface

relief grating (SRG) formation observed for films of azobenzene-

based materials, which is induced by mass transport upon

interference exposure to coherent laser beams, is an attractive

subject as one photomechanical effect.1

In this study, we show that ruthenium(II) acetylides containing an

azobenzene moiety as a photochromic unit in the main p-conjugated

system can constitute important components of molecular materials

for electro-optic applications and for formation of surface relief

gratings (SRGs)2 for optical information storage and photonic

devices.3–6 Little attention has been given to the introduction of
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a metal centre into azobenzene-containing organic systems for

photomechanical effects, even if such an approach in order to form

coordination or organometallic molecular materials allows extra

parameters such as magnetism, colour and birefringence to be

introduced.7 Besides, the metal centre can improve the electrolumi-

nescent properties of coordination molecular materials,8,9 or

contribute to enhanced activity for non-linear optical applications.10

Photoreactions can be frequently deactivated when photochromes

strongly interact with a metal complex.11 Meanwhile, strong metal-

to-ligand charge transfer (MLCT)12,13 may significantly impact on

the kinetics of trans-cis photoisomerization in transition metal-based

azo dyes.11,14,15 Our interest in azobenzene-functionalized metal

acetylides came from the idea that the introduction of a metal ace-

tylide fragment in the same conjugated chain as the azobenzene16,17

would induce the trans-cis-trans isomerization of the azo

unit, considered as the rate-determining step for formation of

SRGs.18 Alkynyl–metal complexes, which possess an almost linear

M–ChC–R structure, can give rise to an efficient electronic coupling

between the metal and the remote groups through the p-conjugated

path,19 known as metal-to-ligand charge transfer (MLCT),

depending on the degree of overlap between the filled metal d orbitals

and the unoccupied p-orbitals of the alkynyl moiety.20

We report herein the synthesis and characterization of mono-

and bis-alkynyl bis(diphosphine)ruthenium complexes containing

an azobenzene moiety in the main p-conjugated system. The

photoinduced trans / cis isomerization and the thermal cis /

trans back reisomerization of these compounds were studied in

solution. We also describe the preparation of spin coated thin films

based on these azo-functionalized metal acetylides and application

to the formation of photoinduced surface relief gratings (SRGs).21
Results and discussion

Strong metal-to-ligand charge transfer (MLCT) has been

reported to significantly impact on the kinetics of trans / cis
This journal is ª The Royal Society of Chemistry 2010
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Scheme 1 Preparation of the investigated azobenzene containing

ruthenium acetylides 2 and 3a,b.

Fig. 1 (a) Spectra of 3b recorded at 20 �C in cyclohexane before and

after irradiation for 1 s at 460 nm, and kinetic measurements after

specified period of time (from 1 min to 120 min in the dark.

(b) Comparison of kinetic traces for the thermal reisomerization of

photoirradiated azo compounds in cyclohexane.
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photoisomerization in transition metal-based azo dyes.11,14,15

Azobenzene-containing ruthenium(II) acetylide complexes 2 and

3a,b (Scheme 1) were thus designed in order to link together

the metal alkynyl unit and the azobenzene system through the

acetylide-containing conjugated p-system, as the introduction of

a metal acetylide fragment in the same conjugated chain as the

azobenzene was expected to favour the trans-cis-trans isomeri-

zation of the azo unit. The latter process is considered as the

rate-determining step for formation of SRGs.18 Dialkyl amino

groups at the termini of this azobenzene-based extended

conjugated system were introduced to favour the processability

of the resulting molecular materials.

The preparation of complexes 2 and 3a,b has been adapted

from the well documented two steps procedure previously

reported by Touchard and Dixneuf.22,23 2 was formed starting

from [cis-(Cl)(dppe)2Ru][TfO],24,25 and N,N-dibutylamino-4-

ethynyl-azobenzene 1c, previously prepared from its bromo

precursor 1a.26 The complete formation of the intermediate

vinylidene was monitored by 31P NMR spectroscopy. This

intermediate was washed with diethyl ether to remove the excess

free acetylene before deprotonation with triethylamine. 3a,b were

obtained by reacting 1c with the respective vinylidene species,27

previously prepared from [cis-(Cl)(dppe)2Ru][TfO] and either

4-ethynyl benzaldehyde28 or 4-ethynyl thienyl carbaldehyde.27

Ruthenium acetylides 2 and 3a,b were purified by chromatog-

raphy on silica gel using ether–pentane mixtures as eluents. 2 and

3a,b were obtained as red powders (100 mg scale) and fully

characterized in solution (NMR, UV-visible spectrometry) and

as powders (mass spectra and elemental analysis, thermal char-

acterizations: TGA and DSC). The 31P NMR spectra contain

singlets, consistent with trans-ligated metal centres, the mono-

alkynyl complex 2 having a chemical shift of 50.5 ppm, and the

bis-alkynyl complexes 3a,b resonating at ca. 54 ppm. 13C NMR

spectra were elucidated by using specific resonance sequences

allowing the assignments of all carbon atoms of the extended

systems. Full characterizations are provided in the ESI.†

Thermogravimetric analysis (TGA) of compounds 2 and 3a,b

in the temperature regime of 30 to 550 �C revealed that these

compounds show high thermal stability with significant mass loss

(approx. 40%) at approximately 350 �C. The glass transition
This journal is ª The Royal Society of Chemistry 2010
temperatures of the new azobenzene containing compounds were

investigated through differential scanning calorimetry (DSC):

glass transition temperatures were evaluated in the range from 69

(2) to 79 �C (3a,b), obtained by DSC at 25 C min�1.

Photochemical studies in solution

The UV-vis spectra of all complexes contain broad non

symmetrical absorption bands centred around 500 nm, (2: lmax

(nm) ¼ 495; 3a: lmax (nm) ¼ 487, 3b: lmax (nm) ¼ 484)

(3 z 40 000 (2) to 55 000 M�1 cm�1(3a,b)) which are attributed to

dp(Ru) / p*(ChCR) metal-to-ligand charge transfers

(ESI, Figure S3†).29,30 These bands are accompanied by shoulders

at 400 to 450 nm which can be consistent with the p–p*

absorption bands1 of the azobenzene chromophore, as observed

in 1c (Fig. 1a), that overlap with MLCT bands of the metal-

acetylide units.

The efficacy of photoinduced trans/cis isomerization was

probed by irradiating cyclohexane solutions of alkyne 1c, and

complexes 2 and 3a,b for 1 s at 460 nm, close to the absorption

maximum of the trans-isomers. Such irradiation time allows the
J. Mater. Chem., 2010, 20, 2858–2864 | 2859
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Fig. 2 Diffraction efficiency as a function of irradiation time for

complexes 2 and 3a,b. The short time scale shows dynamics after each

laser pulse.

Table 2 Values of writing times of gratings for different polarization
states and for timp ¼ 100 ms (repetition of laser pulses: 10 Hz) of writing
beams (at 10 GW cm�2) for the complexes 2 and 3a,b.; 1st-order
diffraction efficiency for different polarizations of writing beams
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photo-stationary state to be reached, due to low optical densities

(0.2–0.3). Upon irradiation, the absorption band of the ground

state trans-isomer bleaches with a concomitant increase of the

higher energy features of the cis-isomer (Fig. 1a). When irradi-

ation was stopped after the reaction system had reached the

photostationary state, the electronic absorption spectrum grad-

ually recovered to the original one due to the reverse cis–trans

thermal isomerization. Meanwhile, we also observed during our

attempts to monitor the thermal back reaction by following the

change of the optical spectra with time, that the light intensity

used for their recording had a remarkable influence on the

apparent thermal isomerization rates, i. e. the cis / trans

isomerization is also triggered by irradiation into the absorption

bands of the cis-isomer. In order to minimize interference by

photoactivated back-isomerization the kinetic traces were

recorded monochromatically at the wavelength of maximum

change within the band envelope for each studied species, as is

indicated in Fig. 1b. The kinetic traces were satisfactorily fitted

by a single exponential: the cis–trans isomerization reactions of

1c, 2 and 3a,b in cyclohexane follow first-order kinetics.

The results of this study are summarized in Table 1. Inspection

of the data reveals that thermal isomerization rates of the

ruthenium alkynyl complexes are slightly higher than for the

parent alkyne. Considering that the Cl(dpppe)2Ru and

(ArC^C)(dppe)2Ru moieties are generally potent donors20,27,30,31

the reaction rate obviously increases with increasing overall

electron richness, that is in the series 1c < 3b < 3a < 2 (Table 1).

This is in line with observations on other purely organic

azobenzenes.32

Preparation and characterization of thin films

Uniform thin films were prepared by spin coating from 2–10 wt%

concentration solutions of 2 and 3a,b in CH2Cl2 at room

temperature. This procedure afforded films with good optical

quality having a thickness ranging from 100 to 300 nm � 10 nm,

depending on the size of the glass support. SEM images show the

high quality and homogeneity of the thin films as depicted in the

ESI, Figure S2.† The absorption spectra of the 300 nm thickness

films have been registered on a Perkin Elmer Lambda 19

UV/VIS/NIR spectrometer and were compared to those of the

10�5 mol L�1 dichloromethane solutions of compounds 2 and

3a,b. No significant differences have been observed between the

lmax for thin layers and for solutions of compounds 2 and 3a,b.

Surface relief grating formation using thin films of 2, 3a,b

Thin films containing chromophores based on azobenzene are

known to respond mechanically to low power light interference,

resulting in a transfer of an arbitrary optical pattern to surface
Table 1 Photophysical data on the thermal cis / trans back isomeri-
zation of the azo-compounds in cyclohexane

Compound 1/e in s

2 394
3a 406
3b 428
1c 548

2860 | J. Mater. Chem., 2010, 20, 2858–2864
relief in a single step, often well below the usual glass transition

temperature.33 Spin coated thin films of pure compounds 2 and

3a,b were thus studied in this context. Samples were illuminated

by two light beams from a doubled frequency (532 nm, close to

the absorption maxima of the complexes) pulsed Nd:YAG laser

(Continuum Leopard D-10) using 16 ps pulses and working at

10 Hz repetition rate with 1–10 GW cm�2 intensity. These light

beams are thus coincident with the broad absorption bands

(from 400 to 600 nm) of the chromophores 2 and 3. The gratings

were characterized by diffraction efficiencies as well as by depth

and shape of the surface modulation by AFM. In order to

monitor the dynamics of gratings formation, a He–Ne CW

reading laser with wavelength of 632.8 nm was used. The

incidence angle of the two writing beams has been set to q z 60�

in order to obtain a grating space equivalent to the wavelength of

the writing beams (L ¼ l/2sin(q/2) z 532 nm).

Ultrafast formation of photoinduced surface relief gratings on

films was observed as soon as the writing laser was switched on

(Fig. 2). Noticeably, the diffraction spot remained stable until the

next impulse, which provoked a new increase of the diffraction.

This behaviour is consistent with the sequential orientation of

molecules within the film. The complex 3b exhibits faster

response than complexes 2 and 3a in all polarization states,
(at 10 GW cm�2)

State of polarization

Inscription time/s
(�0.1 s)

Maximal diffraction
efficiency h+1 (%)
(�0.1%)

2 3a 3b 2 3a 3b

s-s 1.8 1.4 0.7 8.5 10.2 12.7
p-p 3.0 2.4 1.3 5.6 8.5 10.9
s-p 46.9 35.8 19.4 1.3 2.8 4.0

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Diffraction efficiency as a function of irradiation time for

complex 3b for polarization s-s. The short time scale shows dynamics

after each laser pulse.
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which results in the highest diffraction efficiency (see Table 2:

12.7%) and modulation amplitude (100 nm) for this complex 3b

in s-s polarization state.

Longer writing times (in the range of 1.3 to 3.0 s) were

necessary for polarisation p-p, while the diffraction efficiency

(5.6–10.9%) and the modulation amplitude were lower. Finally,

the polarisation s-p gave a weaker and slower surface modula-

tion. The observed differences for the various polarization states

relate to preferential orientation of the chromophores along

direction perpendicular to the substrate (Table 3).

The dynamics of diffraction grating’s creation using amor-

phous thin films of the complexes 2 and 3a,b on the laser pulses

illustrates the stability of the photo-induced reorientation of the

molecules in the irradiated area (Fig. 3): after each laser pulse no

decrease in the first order diffraction efficiency has been noticed,

as it is often the case.34 It is thought that the molecules aggluti-

nate into zones of low intensities where they remain frozen after

each laser pulse. These motions would result in the observed

protuberances of grating (AFM measurements) and occur until

a completely static position is reached (saturation of the first

order diffraction efficiency and the modulation amplitude of

gratings). Better performances of 3b could be related with the

better electronic conjugation in this compound, from one end to

the other one, thanks to the presence of the thienyl bridge.

The diffraction efficiency measured in real time and the

average modulation amplitude measured at different times by

AFM microscopy followed a similar evolution as a function of

the irradiation time. From AFM images, the estimated value of

the laser spot diameter was 70 mm. It can also be deduced from

AFM measurements that the surface relief gratings are written

perpendicularly to the polarization direction of writing beams.
Table 3 Average modulation amplitudes for different polarizations of
writing beams (at 10 GW cm�2)

State of polarization

Average modulation amplitude/nm
(�5 nm)

2 3a 3b

s-s 70 70 100
p-p 40 70 90
s-p 10 20 30

This journal is ª The Royal Society of Chemistry 2010
Inscribed gratings showed excellent long-term stability: only

a small decrease of the average modulation amplitude (less than

2%) was observed when AFM images were performed after even

more than six months on inscribed gratings conserved at ambient

temperature and light. Lastly, the photo-induced SRGs were

completely erased subjecting the thin films to a temperature close

to 120 �C, well beyond the glass transition temperatures.
Surface relief grating formation using thin films of 2, 3a,b and

DR1 in PMMA

The dynamics of surface relief gratings formation for thin films

of the chromophores 2 and 3a,b were finally compared to that of

Disperse Red 1 (DR1: N-ethyl-N-hydroxyethyl-4-(40-nitro-

phenylazo)phenylamine) as a model in PMMA (in order to

become filmogenic, DR1 necessitates to be introduced as

a dopant in a matrix). This chromophore also shows a strong

absorption band around 500 nm which is coincident with the

writing beams at 532 nm. Azo dye DR1 and chromophores 2 and

3a,b were similarly introduced as guest chromophores in 30%

concentration by mass in polymethyl methacrylate (PMMA).

The polymer and azo dyes (DR1, 2, 3a,b) were dissolved in

chloroform, and spin coated on cleaned glass after it had been

filtered with a 250 nm filter. The film thickness was estimated to

be 300 nm for PMMA thin films of 2, 3a,b and 1400 nm for the

DR1-PMMA model. Absorption bands ranged from 400 to

600 nm, with absorption maxima around 500 nm (see the ESI†).

The surface relief gratings have been inscribed on the polymer

thin layers under the same experimental conditions as the grat-

ings obtained for amorphous thin films of 2, 3a,b for different

polarization states (s-s, p-p and s-p) of the writing beams.

Noticeably, the PMMA matrix induced a decrease of the first

order diffraction efficiency and of the modulation amplitude, and

an increase of the writing times of SRGs for the doped polymers,

in comparison with the amorphous thin films of pure complexes.

On the other hand, higher diffraction efficiencies and faster

kinetics were observed for the formation of grating of the

PMMA doped polymers with the complexes 2, 3a or 3b in

comparison with the DR1-PMMA model (Table 4). The

observed differences cannot relate with the thickness of the

studied films: it is known that the diffraction efficiency decreases

considerably when the film thickness decreases.35

Whatever the complexes 2, 3a or 3b, the PMMA matrix

induces a decrease of the first order diffraction efficiency and of

the modulation amplitude, and an increase of the writing times of

SRGs for the doped polymers, in comparison with the amor-

phous pure thin films. For instance, the highest first order

diffraction efficiency (8.5%) and the shortest writing time of

gratings (0.8 s) were obtained for the 3b-PMMA doped polymer

in polarization s-s (Table 4). These results suggest that the SRG

inscription kinetics and rates depend on the effective concen-

tration of the chromophores in the materials: the separation

between neighbouring dye chromophores in amorphous films

and between dye chromophores and polymer chains would

dictate the kinetics and amplitude of the deformation of the film

surface.

Higher diffraction efficiencies and faster kinetics observed for

the formation of grating of the PMMA doped polymers with the

complexes 2, 3a or 3b in comparison with the DR1-PMMA
J. Mater. Chem., 2010, 20, 2858–2864 | 2861
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Table 4 Main characteristics for PMMA doped thin films with 2, 3a,b and DR1 for different polarization states of writing beams (at 10 GW cm�2)

Polarization state

Maximum diffraction efficiency h+1 (%) (�0.1%)

[Average modulation amplitudes/nm (�5 nm)]

{Times of writing/s (�0.1 s)}

2-PMMA 3a-PMMA 3b-PMMA DR1-PMMA

s-s 5.1 6.9 8.5 2.1
[40] [50] [70] [20]
{2.0} {1.5} {0.8} {3.2}

p-p 2.7 5.5 6.8 1.3
[20] [40] [60] [10]
{3.5} {2.9} {1.3} {5.2}

s-p — 1.4 2.2 —
[-] [10] [20] [-]
{} {36.5} {22.6} {}
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model evidenced the specific efficiency of organometallic

complexes 2, 3a and 3b. Participation of the strong dp(Ru) /

p*(ChCR) MLCT which overlaps with the p–p* absorption

transition of both trans- and cis-azobenzene chromophores may

impact on the efficiency of the trans-cis-trans isomerization of the

azo unit in these complexes. On the other hand, it is now

established that trans-cis photoisomerization necessitates

a pocket to be created around the azo moiety.36,37 We suggest

then that an increased separation between neighbouring dye

chromophores because of the sterically demanding bis(diphos-

phine)ruthenium units38 in chromophores 2, 3a,b could impact

on the efficiency of trans-cis photoisomerization in the films and

on the mass transport forces that result in surface deformations.

Further studies are in progress to elucidate theses aspects.

Conclusion

In the present study, we have reported the design and the

preparation of organometallic containing azobenzene-based

photochromic amorphous molecular materials. Kinetic studies

show that the thermal cis / trans back isomerization increases

with increasing overall electron richness of these compounds.

These azobenzene containing ruthenium–acetylide complexes

show noticeable processability resulting in the formation of high-

quality thin films by spin coating and the relationship between

molecular structure and SRG-forming properties was

investigated. Ultrafast photoinduced surface relief gratings was

observed. Interestingly, long term stability of the SRGs was also

observed, recording of the films being maintained even after

several months, at room temperature, without protecting them

from ambient air. Comparative studies involving PMMA doped

polymers with the complexes 2, 3a or 3b in comparison with the

DR1-PMMA model also revealed the specific efficiency of the

investigated organometallic complexes.

Experimental

Synthesis and characterization of compounds 2 and 3a,b

Synthesis of 2. In a Schlenk tube [(dppe)2RuCl][TfO]24,25

(0.092 mmol, 100 mg) and 1c (61.27 mg, 0.18 mmol) were

introduced under argon and dissolved in 10 ml of freshly distilled
2862 | J. Mater. Chem., 2010, 20, 2858–2864
dichloromethane. The resulting mixture was stirred at room

temperature overnight. The completion of the reaction was

monitored by 31P NMR spectrometry (31P NMR (CH2Cl2 +

CDCl3): s, 38.9 ppm). The solvent was removed under reduced

pressure and the solid residue was washed several times with

diethyl ether, before being treated upon addition of a 10 ml

solution of NEt3 (0.2 ml) in DCM. Silica gel column chroma-

tography (diethyl ether–THF 80 : 20) afforded 2 as a red-orange

solid (100 mg, 77% yield). 1H NMR (CDCl3, 300.133 MHz,

297 K, d ppm): 7.78 (m, 2H), 7.67 (m, 2H), 7.62–6.78

(m, aromatics, 44 H), 3.31 (t, 4H), 1.72–1.56 (m, 4H), 1.40

(m, 4H), 2.80 (m, 8H, CH2 dppe),1.03 (t, 6H). 13C{1H} NMR

(CDCl3, 125 MHz, 297 K, d ppm): 150.0, 149.0, 143.6, 136.3

(qt, |1JP–C + 3JP–C| ¼ 12 Hz, Cq, Cipso dppe phenyl), 135.7

(qt, |1JP–C + 3JP–C| ¼ 10 Hz, Cq, Cipso dppe phenyl), 134.5

(CH dppe phenyl), 134.2, 132.5 (q, 2JP–C¼ 14.9 Hz), 131.8, 130.5,

130.2, 128.9, 127.3 and 127.0, 124.7, 121.8, 115.7, 111.2, 51.0,

30.7 (qt, |1JP–C + 3JP–C| ¼ 23 Hz, CH2 dppe), 29.6, 20.0, 14.1.
31P{1H} NMR (CDCl3, 81 MHz,297 K, d ppm): 49.2 (s).

Elemental Analysis: C74H74N3ClP4Ru (1265.84): calcd: C 70.22,

H 5.89, N 3.32; found: C 69.86, H 6.10, N 3.39.

Synthesis of 3a. In a Schlenk tube (0.138 mmol, 150 mg) of

[(dppe)2RuCl][TfO] and (20 mg, 0.152 mmol) of 4-ethynyl

benzaldehyde28 were introduced under argon and dissolved in

10 ml of freshly distilled and degassed dichloromethane. The

resulting mixture was stirred at room temperature overnight.

The completion of the formation of the vinylidene species was

monitored by 31P NMR spectrometry (31P NMR (CH2Cl2 +

CDCl3): s, 37.3 ppm). The solvent was removed under reduced

pressure and the vinylidene was washed several times with diethyl

ether to remove the excess of 4-ethynyl benzaldehyde. Then to

the solid residue were successively added 1c (92 mg, 0.18 mmol),

(100 mg, 0.54 mmol) of KPF6 and (0.24 mmol, 34 ml) of trie-

thylamine. The reaction mixture was allowed to stir for 16 h, the

formation of the final product being monitored by 31P NMR. 3a

was purified on a silica gel column chromatography (diethyl

ether–THF 80 : 20) and obtained as a red orange solid (90 mg,

44% yield). 1H NMR (CDCl3, 300.133 MHz, 297 K, d ppm): 9.89

(s, 1H, CHO), 7.91 (m, 2H), 7.78–6.81 (m, 50H), 3.28 (t, 4H),

1.69–1.62 (m, 4H), 1.41 (m, 4H), 2.23 (m, 8 H, CH2 dppe),
This journal is ª The Royal Society of Chemistry 2010
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1.02 (t, 6H). 13C{1H} NMR (CDCl3, 125 MHz, 297 K, d ppm):

191.3 (C26), 150.0 (C10), 149.3 (C6), 148.3 (q, 2Jp-c ¼ 18.7 Hz),

143.5 (C7), 136.8 (qt, |1JP–C + 3JP–C| ¼ 11 Hz, Cq, Cipso dppe

phenyl), 136.7 (qt, |1JP–C + 3JP–C| ¼ 10 Hz, Cq, Cipso dppe

phenyl), 134.2 (CH dppe phenyl), 134.1 (CH dppe phenyl), 137.0,

131.8, 131.1, 130.2, 129.5, 124.8, 122.1, 121.4, 119.2, 111.1, 110.4,

51.0, 29.5, 20.3, 14.1. 31P{1H} NMR (CDCl3, 81 MHz, 297 K,

d ppm): 54.5 (s). Elemental Analysis: C83H79N3OP4Ru (1359.53):

calcd: C 73.33, H 5.86, N 3.09; found: C 73.36, H 6.13, N 3.41.

Synthesis of 3b. The same procedure was used starting from

(0.092 mmol, 100 mg) of [(dppe)2RuCl][TfO] and 25 mg,

0.184 mmol of 5-ethynylthiophene-2-carbaldehyde27 (vinylidene

intermediate: 31P NMR (CH2Cl2 + CDCl3): s, 37.1 ppm), before

adding 1c (60 mg, 0.12 mmol), (66 mg, 0.36 mmol) of KPF6 and

(0.164 mmol, 23 ml) of triethylamine. Compound 3b was obtained

as a dark orange solid (50 mg, 36% yield). 1H NMR (CDCl3,

300.133 MHz, 297 K, d ppm): 9.89 (s,1H,CHO), 7.90 (d, 2H),

7.78–6.80 (m, aromatics, 48 H), 3.29 (t, 4H), 1.70–1.58 (m, 4H),

1.40 (m, 4H), 2.22 (m, 8 H, CH2 dppe), 1.04 (t, 6H). 13C{1H}

NMR (CDCl3, 125 MHz, 297 K, d ppm): 191.5, 150.1, 149.4,

148.3 (q,2JP–C ¼ 18.7 Hz), 143.5, 142.1, 137.0, 136.8 (qt, |1JP–C +
3JP–C| ¼ 11 Hz, Cq, Cipso dppe phenyl), 136.7 (qt, |1JP–C + 3JP–C|

¼ 10 Hz, Cq, Cipso dppe phenyl), 134.3, 134.1, 130.4, 126.6,

124.8, 121.9, 113.6, 111.9, 111.2, 51.0, 31.4, 29.6, 20.4, 14.1.
31P{1H} NMR (CDCl3, 81 MHz, 297 K, d ppm): 54.1 (s)

Elemental Analysis: C81H77N3OP4SRu (1365.56): calcd: C 71.25,

H 5.68, N 3.08, S 2.35; found: C 70.73, H 5.77, N 3.06, S 2.29.
Preparation of spin coated thin films, and optical studies of these

films

High-quality thin films of compounds 2 and 3a,b were made by

spin coating of a solution of 2 or 3a,b (concentration 2–10 wt%)

in CH2Cl2 at room temperature using a spinning rate of

300 min�1 for 20 s and 2500 min�1 for 120 s. These films were

subsequently dried at 80 �C for 1 h. This procedure afforded films

with good optical quality having a thickness ranging from 100 to

300 nm � 10 nm, as measured by using a profilometer Veeco

Dektak 6M and a JSM 6301F S. E. M. (C.M.E.B.A.-Centre de

Microscopie Electronique �a Balayage et microAnalyse at the

University of Rennes 1). Absorption spectra on thin layers

(300 nm thickness) have been registered on a Perkin Elmer

Lambda 19 UV/VIS/NIR spectrometer. Similar procedures were

applied for the preparation of PMMA/dye doped films of 2, 3a,b

and N-ethyl-N-hydroxyethyl-4-(40-nitrophenylazo)phenylamine

(DR1), purchased from Aldrich and purified by a double crys-

tallization from an absolute methanol solution. 2, 3a,b and DR1

and PMMA were dissolved in chloroform, filtered with a 250 nm

filter and spin coated on a cleaned glass. The film thickness was

measured with a Dektak-6M Stylus Profiler to be 400 nm and

absorption bands ranged from 400 to 600 nm (see the ESI†).

The schematic experimental setup for SRG formation is

illustrated in the ESI†. The sample film with a thickness of

10–50 mm was irradiated with two coherent Nd:YAG laser beams

(532 nm, 16 ps, 10 Hz). The intensity and polarization of these

two writing beams were controlled by Glan-Taylor polarizers (P)

and half-wave plates (l/2). Grating formation was monitored by

1st-order diffraction intensities of a probe beam He–Ne cw laser
This journal is ª The Royal Society of Chemistry 2010
(632.8 nm, 30 mW) measured in transmission mode (their energy

being measured by a photodiode model Centronic Series OSI5).

The 1st-order diffraction efficiencies (D.E.) were determined by

the ratios of the 1st-order diffraction intensities to the intensity of

the incident probe beam.
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