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ABSTRACT: Photoinduced orientation in a series of molecular glasses made of small push-pull 

azo derivatives is dynamically investigated for the first time. Birefringence measurements at 

632.8 nm are conducted with a temporal resolution of 100 ms in order to probe the fast rate of 

the azo orientation induced under polarized light and its temporal stability over several 

consecutive cycles. In order to better evaluate the influence of the azo chemical substituents and 

their electronic properties on the orientation of the whole molecule, a series of push-pull azo 

derivatives involving a triphenylaminoazo core substituted with distinct electron-withdrawing 

moieties is studied. All resulting thin films are probed using polarization modulation infrared 

spectroscopy that yields dynamical linear dichroism measurements during a cycle of orientation 

followed by relaxation. We show here in particular that the orientation rates of small molecule-

based azo materials are systematically increased up to a 7-fold factor compared to those of a  

reference polymer counterpart. For specific compounds, the percentage of remnant orientation is 

also higher, which makes these materials of great interest and promising alternatives to 

azobenzene-containing polymers for a variety of applications requiring a fast response and an 

absolute control over the molecular weight.  
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INTRODUCTION. Photochromic organic materials are of particular interest for potential 

applications varying from photoresponsive glasses to active materials in photonic devices such as 

diffraction gratings for light coupling, high speed optical switches, light waveguides and optical 

data storage.1-5 Among the organic photochromic materials, azobenzene-containing materials are 

well known to undergo selective, reversible and stable E-Z isomerization upon irradiation with 

appropriate wavelengths.6,7 The low fatigability of the isomerization reaction over more than 106 

cycles has led to intense activity in the past two decades in the field through the fabrication of a 

variety of devices encompassing surface relief gratings with linear and nonlinear optical 

properties,8-11 mechanical actuators,12-14 sensors,15-17 media for optical data-storage,5,18 and other 

photonic devices such as waveguides,19,20 distributed feedback lasers21,22 and nanoplasmonic 

assemblies.23 Azopolymers present the particular advantage to be easily processed in thin films 

and to yield a high and stable degree of orientation upon selective irradiation with polarized 

light.24 However, key parameters such as the response time, the degree of photoinduced 

orientation and the remnant orientation can significantly be improved to reach faster dynamics, 

larger and more stable orientation, thus opening new applications where these parameters are 

critical such as optical data storage media.5,25 Up to now, most of the orientation studies have 

been devoted to side-chain amorphous and liquid crystalline azopolymers where cooperative side 

chain effects and entanglement from the polymer backbone rule most prominently the dynamic 

of the  molecular rearrangement upon light excitation. To enable a higher level of photoinduced 

orientation, a variety of optimized molecular structures of low molecular-weight copolymers 

have been developed by several groups to enhance the cooperative molecular motion between a 

photoactive unit and a non-photoactive  non-absorbing unit26,27 or between  two distinct 

mesogenic units that serve as antenna for the incident light.28,29 Levels of birefringence as high as 
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0.2 were reported in liquid-crystalline polymers enabling a vivid interest for data storage 

applications although the molecular orientation rates were too slow for high throughput 

applications. Entanglement from the polymer backbone is a critical parameter that is presumably 

responsible of an inhomogeneous distribution of the orientation and relaxation rates of the 

photoactive units thus slowing down the orientation dynamic of the azo chromophores. Such 

effects have been investigated at a molecular level using polarization modulation infrared 

spectroscopy linear dichroism (PM-IRLD) on amorphous, semi-crystalline and liquid crystalline 

polymers.30-32 In these pump-probe experiments the photoinduced linear dichroism was 

investigated during cycles of orientation and relaxation. Since PM-IRLD provides a quantitative 

information on each IR active vibrational modes, it was possible to investigate dynamically the 

orientation of the individual vibrations. Quantification of the ordering of vibrational modes with 

defined symmetry could be performed and was used to determine cooperative effects between 

the side groups of the azopolymers chains. For modes with rather undefined symmetry, PM-

IRLD was key to provide clues about their involvements in the molecular orientation process 

showing in particular that the backbone of the polymer conserve an isotropic conformation 

meanwhile it affects the rate of the molecular orientation.    

In this context, molecular materials made of small organic molecules offer a very interesting 

alternative to polymer materials since there is no need of dilution of the photochromes within a 

polymer binder to avoid crystallization or aggregation of the molecules.33 These small molecules 

can form pristine amorphous glasses and thin films, and, due to the absence of polymer-chain 

entanglement, faster photo induced dynamics are observed as reported for the fabrication of 

surface relief gratings.34-37  Such materials often based on a bulky electron-donor group such as 

triphenylamine, diaminobiphenyl or triarylamine have been investigated in a varied of 
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applications such as electroluminescent devices,38,39 organic electronic memory device40,41 and 

optical glasses with nonlinear optical properties.42  

Herein, we report on the dynamical study of a series of nine push-pull azo derivatives whose 

structure, based on a triarylaminoazo core, has been substituted with various electron-

withdrawing groups to assess the effect of the substituent onto the molecular orientation 

capability in glassy thin films. The photoinduced birefringence was dynamically measured over 

several cycles of irradiation and thermal relaxation. To complement the macroscopic response 

provided by the birefringence measurements, the molecular orientation of the individual 

chemical groups was dynamically recorded for the nine compounds with PM-IRLD giving a 

clearer view on the orientation of the triphenylaminoazo molecules. All birefringence and PM-

IRLD measurements were compared against thin films of poly[4’-(((2-

(methacryloyloxy)ethyl)ethyl)-amino)-4-nitroazobenzene-co-Methyl methacrylate] with DR1M 

mole fraction of 0.11 and thus referred as pDR1M-11% or more simply pDR1M in this 

manuscript. This compound is considered as the archetype of push-pull azo dye and subjected to 

numerous fundamental and applied studies.10,43-47 The rates of orientation and relaxation, as well 

as the degree of orientation were systematically determined by fitting the birefringence evolution 

using bi-exponential laws and compared against those obtained from pDR1M thin films. We 

show that the rate of orientation in some compounds can be enhanced by a 7-fold factor. The 

degree of orientation is however smaller than for azopolymers, yet with a higher residual 

orientation upon relaxation, in particular for the compounds substituted with bulkier groups like 

carbazolyl ones. These materials with faster response can be valued for a variety of applications 

where faster switching time is an essential criterion.  

EXPERIMENTAL METHODS. 
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Preparation of thin films. The solutions were prepared using a 2 % solution of the azo compound 

in chloroform. The solution was filtered using Micropores filters (0.2 m-large pores) and spin-

coated onto glass slides and NaCl plates for birefringence and infrared experiments, respectively. 

Typical thicknesses varied between 300 to 500 nm and were systematically measured by atomic 

force microscopy (AFM). The properties of the thin films are reported in Table 1. 

Birefringence. The setup is described in Figure 1A. The probe beam consisted in a He-Ne laser at 

632.8 nm (1 mW) and its incidence was set normal to the sample. The pump beam was set at 532 

nm with an irradiance of 80 mW/cm2 and with an incidence of 15 degrees with respect to the 

sample normal direction. A fast photodiode was used to detect the phase shift  between the 

two main axes of the film, with a temporal resolution of about 100 ms. The phase shift was 

calibrated with a Babinet-Soleil compensator and the absolute birefringence was determined 

knowing the probe wavelength , and the thickness d, of the thin films using Equation (1): 

/ /
2 d

n n n
 



     (1)  

where //n  and n   are the refractive indices in the planes parallel and perpendicular to the pump 

beam polarization direction, respectively. Experiments were done in triplicates on different films. 

Polarization Modulation Infrared Linear Dichroism Spectroscopy. The setup is described in 

Figure 1B. A mid-IR source from a Fourier-Transform spectrometer is directed outside the 

spectrometer and modulated between two orthogonal polarization directions noted // and  at a 

frequency of 74 kHz using a photoelastic modulator (Hinds). The signal detected by a MCT-A 

detector is electronically filtered and amplified using a lock-in amplifier and, after processing, is 

equal to the dichroic spectrum, namely //A A A    where Ai refers to the i-polarized 
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absorbance (parallel or perpendicular). The in-situ irradiation of the sample was performed using 

a 532 nm laser source enabling the recording of photoinduced dichroic spectra during several 

cycles of  orientation followed by relaxation. Erasure was performed by adding a quarter-

waveplate on the beam path.  60 spectra were recorded for a single measurement yielding a 

temporal averaged resolution of 1 spectrum/min. Calibration and normalization of the resulting 

linear dichroism A were done for each spectrum that was integrated over distinct spectral 

domains corresponding to the different vibrational bands.48  

RESULTS AND DISCUSSION. 

The syntheses and characterizations of the investigated series of glass-forming push-pull azo 

derivatives were previously reported.49 A modular approach was used, leading to the fabrication 

of nine azo compounds containing various bulky groups (3,5-bis(trifluoromethyl)phenyl (CF3),4-

tert-butylphenyl (tBu) and 4-bis(4-tert-butyl)carbazolylphenyl (Carb) and electron-withdrawing 

units such as the NO2, CN and CO2Me groups (Scheme 1). The push-pull structure along the azo 

core provides a large charge transfer from the amino group in the triarylamine to the electron-

accepting group, thereby yielding an electronic transition located in the visible range which is a 

superimposition of -* and n-* transitions. For the present series, the maximum absorption 

wavelengths of the thin films vary between 450 nm to 500 nm as summarized in Table 1. In 

order to trigger the photoinduced isomerization, resonant light is generally used. In the present 

study, we have used a 532 nm excitation light that was linearly polarized. This excitation 

wavelength is resonant or pre-resonant with most of the electronic transitions of the push-pull 

azo compounds. Nevertheless for CF3CO2Me, weaker interactions are expected due to the large 

difference between absorption (445 nm) and excitation (532 nm). Beside the photoisomerization 
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process that has been thoroughly investigated in toluene solution,49 a stable angular reorientation 

of the azo molecules occurs in thin films. This angular hole-burning is a consequence of the 

molecular reorientation of the azo compounds through a rotation around the N=N bond upon 

excitation with polarized light.50,51 Such phenomenon is of particular interest in thin films since it 

yields large anisotropic properties which can be probed using polarized light. Here below, we 

have thus investigated the response of such thin films subjected to irradiation with a polarized 

light set at 532 nm. 

Birefringence measurements during an orientation and a relaxation cycle. In order to probe 

the macroscopic response of the azo series under irradiation at 532 nm, birefringence 

measurements were performed at 632.8 nm for all nine triphenylaminoazo compounds as well as 

for the reference pDR1M thin film (Fig. 2A-D). The absolute values of the measured 

birefringence n  were shown in Figure 2. The dynamics of orientation and relaxation are 

reported on the same figure for a selected electron-donating group and various electron 

acceptors. Figures 2A, 2B and 2C report the dynamics within a series of azo derivatives 

containing the same bulky substituents (tBu, CF3 and Carb, respectively) while Figure 2D 

features the dynamics for the reference pDR1M thin film. All figures are drawn with the same 

scales, emphasizing that both the maximum birefringence 
max

n  upon irradiation and the 

remnant one n


  after relaxation are higher for a pDR1M thin film compared to the 

triphenylamino series. In order to extract the rate constants ki associated with the dynamics of the 

birefringence measurements during both the orientation and relaxation processes, biexponential 

fitting laws were used as already reported for the photochromic studies in thin films.35,49,52 The 

orientation processes are described by Eq.(2), 
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  1 2
1 2 3

or ork t k tor or or
orientationy t m e m e m       (2) 

while the relaxation is described by Eq.(3). 

    1 2
. 1 2 31 1

relrel k tk trel rel rel
relaxationy t m e m e m

  
     

 
 (3) 

Such biexponential models are particularly well adapted to describe the dynamic orientation in 

azo materials where 1
ork  and 1

relk  are the fast rate constants associated with the E-Z and Z-E 

isomerization processes respectively, and are convoluted with the mechanical and thermal 

responses of the matrix. 2
ork  and 2

relk  are the slow rate constants associated with the angular 

redistribution of the E species at longer time during the orientation and the relaxation processes. 

In thin films, both ,
1
or relk  and ,

2
or relk  depend on the inhomogeneity effects from the matrix. In 

addition to the rate constants, ,
3
or relm  is a fitting variable that can be used to appreciate the level 

of birefringence at the plateau value during the orientation or the remnant birefringence upon 

relaxation while the values of ,
1
or relm  and ,

2
or relm  provide the weight of the fast and slow rate 

constants during the dynamics. 

The fitting parameters for the orientation and relaxation processes associated to the birefringence 

curves shown in Figure 2A-D are reported in Tables 1 and 2, for the orientation and relaxation 

processes, respectively. The maximum level of photoinduced birefringence can be measured for 

tBuCN and CarbNO2 with n  = 0.0283 and n  = 0.0317, respectively. These values have to 

be compared with n  = 0.0458 for pDR1M. It is noteworthy that tBuNO2 is also among the 

materials yielding the largest birefringence with n = 0.0252. Importantly, the rate constant 1
ork  
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associated with the faster contribution is significantly larger for tBuCN and tBuNO2 as 

compared to pDR1M, with an increase by a factor of 5.7 and 7 respectively.  This indicates that 

the photoisomerization reaction is facilitated in the molecular thin films made of the 

triphenylamino azo derivatives as compared to polymer thin films where the movement of azo 

units is hindered by the polymer backbone. In agreement with the faster orientation reported for 

tBuCN and tBuNO2 during the orientation cycle, the remnant birefringence is also found among 

the smallest one for tBuCN and tBuNO2. This implies that a material that shows faster 

photoinduced anisotropy also loses its anisotropy more readily. Nevertheless, it is difficult to 

observe a trend on the dominant rate constant during the relaxation process. For the polymer 

sample, the weights of the two rate constants are close to each other ( 1
relm = 46.2 % while 2

relm  = 

53.8 %) while in the molecular thin films of the triphenylamino azo compounds the slow rate 

constant is at least 3 times larger than the fast rate constant. This indicates that the relaxation 

process is mainly driven by the angular redistribution of the E isomers when the irradiation light 

is switched off. This is different from the orientation cycle where all dynamics are mainly driven 

by the fast rate constant for both types of materials.  

Other compounds that are poorly absorbing the 532 nm radiation such as CF3CN also show 

faster orientational rate constant ( 1
ork  = 8.450 s-1) even though the induction of the 

photoisoimerization reaction is not optimized in terms of excitation-absorption match. This trend 

shows clearly that when the rate photoisomerization is improved, its relaxation will also be 

facilitated yielding a weaker residual birefringence. This emphasizes that an ideal azo-containing 

material that presents a fast response time, a high degree of photoinduced birefringence and a 

high residual birefringence must display a subtle balance between its surrounding free volume, 

its associated glass transition temperature and its absorption coefficient at the excitation 
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wavelength. Mixtures or doped systems may be a valuable approach to improve both rates and 

level of photoinduced orientation. The proper selection of a material for a given application is 

also critical. For example, one may not need a very high level of birefringence (i.e. 0.2n  ) in 

optical data storage application since the optical read-out can be done with high sensitivity with a 

much lower intrinsic birefringence but the speed (rate) of the induced birefringence is the most 

critical for high-density storage. The triphenylaminoazo compounds such as tBuCN or tBuNO2 

can therefore be valued for their response time significantly faster than that for the pDR1M 

polymer. The degree of birefringence is still large and can be detected easily making molecular 

thin films interesting organic systems for fast optical switching.  

Birefringence Stability to Cycling. 

Further birefringence experiments were conducted to evaluate the behavior of the nine 

compounds when subjected to several cycles of irradiation. The results are reported in Figure 2E 

for tBuNO2 and CarbCO2Me molecular thin films that were selected due to their faster 

orientation. The response over five cycles is consistent for both the orientation and relaxation 

processes. The compound CarbCO2Me shows a birefringence of n= -0.0192 and a residual 

birefringence of n = -0.0168 after 250 s of relaxation, which yields 81 % of remnant 

birefringence that is higher than that of any other compounds of this study. Remarkably, all 

Carb compounds have a high degree of residual anisotropy ranging from 68 % (CarbNO2), 

which is comparable to that for pDR1M (68.9 %), to 81% (CarbCO2Me) as summarized in 

Table 2. This emphasizes again that even though a smaller degree of order is induced, our 

materials have a faster response time compared to pDR1M and yet can have the same level of 

percentage of residual birefringence. The ability of these compounds to yield reversible and 
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erasable photoinduced anisotropy was investigated using circularly polarized light. After a cycle 

of orientation-relaxation, the residual anisotropy was erased using a circularly polarized 532 nm 

beam for 100 s. The results are shown in Figure 2F for two consecutive cycles for tBuNO2, 

CarbNO2 and CarbCO2Me. For all compounds, the anisotropy was erased completely to zero 

and after a second irradiation the induction of anisotropy is comparable to the initial cycle. One 

can however notice a slight continuous increase in the plateau of birefringence for CarbCO2Me 

after each irradiation cycle, which lets us suggest progressive plasticization of the thin films. 

Rotation of the Carb azo units operates in one block and requires enough space due to the bulky 

Carb units, which can thus be achieved only after repetitive cycles of orientation-relaxation. 

Polarization-modulation linear dichroism infrared spectroscopy. In order to investigate the 

photoinduced orientation at the molecular level during a cycle of orientation-relaxation, we have 

investigated the linear dichroism of irradiated thin films in the mid-infrared range using PM-

IRLD spectroscopy. This powerful method with monolayer sensitivity has already been used 

successfully for the study of azobenzene-containing materials such as liquid crystalline materials 

as well as doped and functionalized polymer thin films.30,32 It allows the motions of photoactive 

and non-photoactive units to be dynamically disentangled, thereby yielding a better appreciation 

of both the polarity and the steric effects associated with molecular motions.43 The determination 

of the linear dichroism value //A A A    is therefore a critical parameter to assess the 

orientational behavior of the azo compounds by following the evolution of their individual 

vibrational normal modes. This sheds light on the part of the molecule that undergoes molecular 

reorientation upon irradiation with a linearly polarized light. //A  and A  refer to the polarized 

absorbances parallel and perpendicular to the direction of the polarized pump laser, respectively. 

Therefore, upon irradiation, a vibrational mode with an initial dominant component along the // 
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direction will experience an angular reorientation along the  direction, yielding a negative value 

for A . Conversely, a mode with a dominant component initially oriented along  direction will 

have a positive A . To obtain a quantitative information about the time-dependent behavior of 

the different vibrational bands associated with the triphenylaminoazo derivatives, a distribution 

function, F , is usually defined. F is proportional to the normalized dichroism ratio A / 3A0 

where  0A  designates the absorbance prior to irradiation for a given vibrational mode such as 

defined in Eq. [4]. In azo materials the distribution function is model-dependent so that both 

uniaxial and biaxial models can be used to accurately quantify the level of photoinduced 

orientation.31 In uniaxial orientation models, the molecular orientation can be described using a 

single angle   that describes the orientation of  the long molecular axis of the chromophore with 

respect to the polarized excitation. This model implies that rod-like molecules can orient 

perpendicularly to the excitation light within the plane of the film or out-of-the-plane direction 

(i.e. along the beam propagation direction) with the same probability. In bi-axial models, the 

orientation is more complex to describe since the rod-like molecules do not have the same 

probability to orient along the plane and out-of-plane directions. Therefore, two angles   and ϕ 

must be used to define the orientational parameters associated with such anisotropic molecular 

orientation.53 Based on previous studies performed in azo polymers containing a low 

concentration of dyes, an uniaxial model is generally appropriate, while for higher dye 

concentrations, biaxial models provide more accurate description of the molecular orientation. In 

the present study, separated measurements of polarized //A  and A were initially performed 

(Supplementary information SI1) confirming that the chromophore orientation can be accurately 

described by an uniaxial model for the study of vibrational modes with well-defined symmetry 

such as symmetric stretching mode of NO2 (SI1). Although the high density of azo molecules 
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would be in favor of a biaxial-type orientation, the large size of the chromophores together with 

a larger free volume around each individual chromophore are presumably the critical parameters 

that yield an uniaxial orientation. Therefore, in the present study the uniaxial model is valid for 

the present molecular materials and the distribution function can be described by: 

//

0 03 3

A A A
F

A A
 

      (4) 

Using the uniaxial distribution, the F  parameter is equivalent to the second order Legendre 

polynomial also defined as the second order parameter 2
2

1
3cos 1

2
P   . In the case of a 

uniaxial distribution function, the limit values are F  = 1 for a perfect alignment along the // 

direction ( 0  ) and F  = -0.5 for a perfect alignment in the  direction (
2

  ) while F  = 0 

indicates an isotropic material.  

Here below, we have measured the photoinduced anisotropy for the nine azo triphenylamino 

compounds and the azo reference polymer. Selected dynamics for tBuNO2 and CarbNO2 are 

shown in Figures 3 and 4 while the measurements for all other compounds and pDR1M thin 

films are shown in the supplementary information section (SI2-9) for selected vibrational modes. 

The vibrational assignments are summarized in the supplementary information section (SI 10). 

Because of the high amount of aromatic cycles and the overall geometry of the molecules, the 

vibrational modes associated with the aromatic cycles such as the deformation modes C-H of the 

phenyl rings,  (1107 and 1136 cm-1), and the elongation modes of the C=C, ν8a (1600 cm-1) and 

ν8b (1588 cm-1), do not present a well-defined symmetry and are therefore not ideal probe groups 

to estimate a clear-cut molecular orientation. Nevertheless this observation is also true for 
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azopolymers studies where limited number of groups on the donor side or the polymer backbone 

had a well defined symmetry and could be exploited to provide information about the electron 

donor group orientation. Generally the degree of orientation of the ν8a + ν8b phenyl elongation 

modes are very close in magnitude to the symmetric stretching mode of the nitro group as shown 

in the supplementary information section for pDR1M (SI9). Such observation can be used as a 

reference to evaluate the influence of the bulky donor group.  Other modes display better defined 

symmetry in particular on the electron-accepting side of the chromophore. For example, the 

symmetric S (1343 cm-1) and antisymmetric as (1516 cm-1) modes of the nitro group are 

perpendicular to each other and should therefore show different signs in anisotropic systems. The 

symmetric mode of NO2 is oriented along the long axis of the chromophore and can be 

efficiently used to follow the orientational dynamics of the chromophore. Also, modes such as 

νPh-N (1294 cm-1) or coupled modes νN-N + Ph-N (1395 cm-1) also present a larger net dipolar 

moment along the main molecular axis. For the series containing a cyano group, the stretching 

mode νCN (2227 cm-1) is also of interest. Although the trifluoromethyl groups –CF3 show a 

clear spectral signature with an elongation normal mode νas(C-F) at 1054 cm-1
, these groups 

cannot be used to probe the electron donor side of the chromophores due to their relative 

orientation devoid of unidirectionality. As shown for CF3CN (SI6) and  CF3NO2 (SI8), the 

symmetric and antisymmetric -CF3 modes are clearly observable on the IR spectra but only very 

weak net molecular orientation of these two modes can be measured. The four CF3 groups 

located on the donor side have a large range of angular net contributions and the average of their 

orientation appears to yield very little dichroism. Alternatively, if CF3 was substituted in R1 

position rather than R2 (Scheme 1) larger dichroism could presumably be observed since the 

angular distribution would be narrower.  
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The linear dichroic spectra (A) in the [1000-1700] cm-1 spectral range prior to irradiation, at the 

orientation plateau upon light exposure and after a long relaxation time are presented in Figures 

4 and 5 for tBuNO2 and CarbNO2, respectively (Figures 3A and 4A), along with the 

corresponding time-evolution of the amplitude of selected modes (Figures 3B and 4B). The A 

spectra are superimposed with the reference absorption spectrum recorded on the same sample 

area prior to irradiation. In the case of tBuNO2 thin films (Figure 3A), most vibrational modes 

are negative indicative of an angular orientation of the vibrational mode perpendicular to the 

irradiation polarization direction. This also highlights that most vibrational modes have a strong 

contribution of their dipole moment along the long axis of the molecule such as νsNO2. 

Concomitantly, vibrational modes that have a neat vibrational symmetry oriented 

perpendicularly to the long molecular axis have a positive linear dichroism such as νasNO2 which 

is the only mode exhibiting a positive anisotropy as seen in Figures 3A and 4A. From Figures 4B 

and 4B, the orientational dynamics can be investigated. We thus can clearly see that the plateau 

of orientation is reached within the first 1-3 minutes of irradiation for both compounds.  The 

level of induced linear dichroism yields values of F = -0.045 and F = -0.07 for tBuNO2 and 

CarbNO2, respectively, while for the pDR1M thin film, the value is larger with F = -0.13. It is 

noteworthy that for CarbNO2, the C=C vibrations experience the most anisotropy. This indicates 

clearly that the electron-accepting group and the electron-donating group that holds the carbazole 

units undergo simultaneous angular reorientations. The donor unit being very bulky, this 

confirms that a larger free volume occupied by the donor unit has been created during the 

angular reorientation of the azo unit facilitating the orientation of the surrounding units and thus 

explaining the faster orientation and relaxation rates. This also confirm that the position of the 

carbazole groups on R1 (Scheme 1) yields a larger dichroism as pointed out earlier than for the -
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CF3 groups positioned on R2.  This observation corroborates the fact that the chromophore 

orients as a whole unit in the perpendicular direction to the impinging polarization direction. The 

remnant linear dichroism confirms the birefringence measurements previously recorded and 

shows that for fast-responsive azo chromophores, the induced dichroism is lower while the decay 

of dichroism is faster due to the increased amount of free volume induced by the bulky donor 

substituent. Interestingly, in the case of the CarbNO2, the relaxation never reaches a steady state 

even after one hour of relaxation as shown in Fig.5A for the NO2 group. This indicates that there 

is a large distribution of free volume that are involved during the relaxation which is presumably 

due to the position of the carbazole groups with respect to the phenyl group to which they are 

attached in R1. Rotation of the Carbazole group presumably lead to a larger distribution of free 

volume sizes on the donor side of the chromophore. Upon thermal back-relaxation process, the 

orientation of the chromophore is affected by such distribution of free volume and broader 

inhomogeneous effect from the glassy material, explaining reduced rate of relaxation.  

In Figure 5A, we have reported the linear dichroism dynamics of the NO2 band for the three 

triphenylaminoazo compounds together with pDR1M. Several factors such as the glass transition 

temperatures Tg and the absorption cross sections of the material must be carefully examined for 

comparison. For the four compounds, the maximum absorption wavelengths are about 490  20 

nm and their molar absorption coefficients in solution exhibit very similar values of 27.0×103, 

30.5×103 and 24.6×103 mol-1.L.cm-1 for tBuNO2, CarbNO2 and CF3NO2, respectively and 

30×103 for pDR1M thin film. The glass transition temperatures Tg are however very distinct for 

the three triphenylaminoazo compounds ranging from 62 ºC for CF3NO2 to 202 ºC for CarbNO2 

while tBuNO2 and pDR1M have a Tg around 110 ºC. The comparative experiments carried out 

on this series show no direct correlation between Tg: indeed pDR1M shows the highest degree of 
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orientation while tBuNO2 shows the smallest orientation that is comparable to the CF3NO2 one. 

Conversely, CarbNO2 shows an intermediate level of anisotropy as observed in birefringence 

measurements even though it has a higher glass transition temperature. This shows again the 

importance of microscopic free volume accessible in the triphenylaminoazo derivatives 

highlighting the fact that angular reorientation can be very effective even for high Tg materials 

endowed with bulky substituents as already demonstrated for the formation of surface relief 

gratings.8,49 Figure 5B shows the series of azo molecules substituted with a CN group as an 

electron acceptor. Here again the same trend is observed: the CarbCN compound (Tg = 201 ºC ) 

shows a highest level of anisotropy compared to those of tBuCN (Tg = 117 ºC; Supplementary 

information SI2) and CF3NO2 (Tg = 68 ºC; Supplementary information SI8). Figure 5C shows 

the anisotropy associated with the C=O stretching mode (νs C=O, 1731 cm-1) of the azo ester 

molecules containing the methoxycarbonyl group –CO2Me as an electron-withdrawing 

substituent. A poor level of anisotropy and noisy signals are due to the weak band intensity but 

the trend is again the same, namely bulkier substituents yield larger anisotropy.  

CONCLUSION 

In conclusion, we have probed the dynamics associated with the angular reorientation of 

triphenylaminoazo dyes using birefringence and polarization modulation infrared spectroscopy. 

These complementary approaches provided valuable set of macroscopic and molecular 

information during the angular photoinduced molecular reorientation. The fast rate constants 

associated with the photoinduced anisotropy are enhanced for the whole series of compounds 

compared to a reference azopolymer. This indicates that the dynamics within molecular glassy 

thin films can be significantly improved by tuning the size of the electron donor group with 

substituents of varying bulkiness. Several candidates of the series show improved properties like 
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the carbazole series that exhibit a higher level of photoinduced and remnant anisotropy whereas 

their glass transition temperature is above 200 ºC. The tBu series shows an enhanced orientation 

rate by a factor of 7 despite similar glass transition temperatures to the reference azopolymer. 

This study shows clear evidence that small molecule-based thin films of azo compounds exhibit 

dynamical properties exceeding those of polymers doped or functionalized with azobenzene 

groups. This study demonstrate that molecular functional materials display larger orientational 

rates with regard to those of their polymer analogues, which can impact considerably the choice 

for polymer- or small molecule-based technologies encountered in the field of organic 

electronics and photonics. 
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List of Schemes and Figures 

 

Scheme 1. Series of push-pull triphenylaminoazo derivatives and azo polymer pDR1M 11 %. 

 

 
 
 
Figure 1. (A) Birefringence setup and (B) polarization modulation infrared linear dichroism 

setup for the study of photoinduced anisotropy in thin films. 
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Figure 2. Birefringence dynamics during a cycle of orientation (pump on), relaxation (pump off) 

and erasure for the tBu series (A), CF3 series (B), Carb series (C) and pDR1M (D) processed as 

thin films. Cycles of orientation/relaxation for selected azo thin films of tBuNO2, CarbCO2Me 

and pDR1M polymer (E).  Cycles of orientation, relaxation, erasure for selected azo thin films of 

CarbNO2, tBuNO2, CarbCO2Me and pDR1M (F). 
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Figure 3. (A) Infrared spectrum of tBuNO2 molecular thin films and photoinduced linear 

dichroism at t = 0 min., after 60 min. of orientation and after 60 min. of relaxation. (B) Dynamics 

of selected vibrational modes such as symmetric (νs, 1343 cm-1) and antisymmetric (νas, 1516 cm-

1) stretching modes of NO2, stretching phenyl modes ν8a, ν8b (1600 cm-1 and 1588 cm-1) and 

coupled νN=N+νPh-N mode (1395 cm-1) during irradiation and relaxation cycles. 
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Figure 4. (A) Infrared spectrum of CarbNO2 molecular thin films and photoinduced linear 

dichroism at t = 0 min., after 60 min. of orientation and after 60 min. of relaxation. (B) Dynamics 

of selected vibrational modes such as symmetric (νs, 1343 cm-1) and antisymmetric (νas, 1516 cm-

1) stretching modes of NO2, stretching phenyl modes ν8a, ν8b (1600 cm-1 and 1588 cm-1) and 

coupled νN=N+νPh-N mode (1395 cm-1) during irradiation and relaxation cycles. 
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Figure 5. (A) Dynamics of orientation of the nitro symmetric stretching modes of tBuNO2, 

CF3NO2, CarbNO2 and pDR1M thin films. (B) Dynamics of orientation of the CN symmetric 

stretching modes of tBuCN, CF3CN, CarbCN.  
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Table 1. Summary of the properties of the azo polymer and triphenylaminoazo compounds processed as thin films on glass substrates. 

Fit parameters obtained from modeling the photoinduced birefringence curves in thin films recorded at a wavelength of 632.8 nm 

during an irradiation cycle (irr= 532 nm, irradiance of 80 mW/cm2). R is the correlation coefficient of the fit. 

 Orientation cycle                  1 2
1 2 3

or ork t k tor or or
orientationy t m e m e m     

 

 

Compound 

Tg °C λmax(abs) 
/ nm 

Film 
thickness 

/ nm 

1
orm  1

ork /s-1 

fast 

2
orm  2

ork /s-1 

slow 

3
orm  

nmax 

 

1
orm % 2

orm % R 

pDR1M-
11% 

110 492 470 -0.04619 1.337 -0.00435 0.0712 0.0458 
91.4 8.6 0.993

tBuNO2 118 508 450 -0.02437 7.641 -0.00044 0.0333 0.0252 98.2 1.8 0.992

tBuCN 117 482 580 -0.02796 9.400 -0.00063 0.0115 0.0283 97.8 2.2 0.995

tBuCO2Me 112 468 520 -0.02100 5.229 -0.00128 0.0017 0.0206 94.5 5.5 0.941

CarbNO2 202 508 480 -0.03214 2.535 -0.00171 0.0225 0.0317 94.9 5.1 0.990

CarbCN 201 482 375 -0.01455 5.550 -0.00494 0.5364 0.0198 74.7 25.3 0.992

CarbCO2Me 187 468 550 -0.01898 1.712 -0.00104 0.0254 0.0198 94.8 5.2 0.986

CF3NO2 62 477 300 -0.01740 4.328 -0.00096 0.0079 0.0159 94.8 5.2 0.958

CF3CN 68 457 450 -0.01602 8.450 -0.00037 0.1284 0.0162 97.7 2.3 0.983

CF3CO2Me 65 445 350 -0.01534 6.863 -0.00044 0.0884 0.0154 97.2 2.8 0.991
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Table 2. Fit parameters obtained from modeling the birefringence relaxation curves recorded at a 
wavelength of 632.8 nm. R is the correlation coefficient of the fit. 

 Relaxation cycle 

   1 2
. 1 2 31 1

relrel k tk trel rel rel
relaxationy t m e m e m

  
     

 
 

 

 

Compound 

1
relm  1

relk /s-1 

fast 

2
relm  2

relk /s-1 

slow 

1 2 3
rel rel rem m m 

residualn  

(% residual 
birefringence) 

% 

(m1) 

% 

(m2) 

R 

pDR1M -0.00558 0.276 -0.00650 0.015322 0.0316 
(68.9%) 

46.2 53.8 0.997 

tBuNO2 -0.00409 0.685 -0.01299 0.008517 0.0066 
(26.2%) 

24.0 76.0 0.999 

tBuCN -0.00206 0.132 -0.01359 0.005864 0.0092 
(32.5%) 

13.1 86.9 0.999 

tBuCO2Me -0.00132 0.107 -0.00523 0.004600 0.0117 
(56.7%) 

20.1 79.9 0.998 

CarbNO2 -0.00173 0.070 -0.00772 0.007509 0.0215 
(67.8%) 

18.3 81.7 0.999 

CarbCN -0.00125 0.171 -0.00258 0.006020 0.0148 
(74.7%) 

32.7 67.3 0.996 

CarbCO2Me -0.00071 0.146 -0.00221 0.004609 0.0161 
(81.1%) 

24.3 75.7 0.996 

CF3NO2 -0.00172 0.131 -0.00757 0.007459 0.0049 
(30.8%) 

18.5  81.5  0.998 

CF3CN -0.00369 0.187 -0.00724 0.005013 0.0059 
(36.4%) 

33.8  66.2  0.997 

CF3CO2Me -0.00183 0.263 -0.00260 0.009661 0.0098 
(63.6%) 

41.4  58.6  0.996 
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