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ABSTRACT 

As part of continuing efforts to deepen the understanding of photoinduced mass transport 

in azo-containing polymers, we compared the diffraction efficiency (DE) during surface-relief 

grating (SRG) inscription, photoinduced molecular orientation (<P2>) and thermal stability in two 

sets of supramolecular azopolymer complexes; namely, hydrogen bonded (H-bonded) and 

ionically bonded (i-bonded) complexes, both as a function of the polymer degree of polymerization 

(DP). To that end, poly(4-vinylpyridine) (P4VP) of DPs 41, 480 and 1900 was H-bonded at 

equimolar ratio with 4-hydroxy-4-dimethylaminoazobenzene (azoOH) and the quaternized 

derivatives of the three P4VPs (P4VPMe) were i-bonded via ion exchange to sodium 4-[(4-

dimethylamino)-phenylazo]benzene sulfonate (azoSO3), also known as methyl orange, where the 

OH functionality of azoOH is replaced by a sulfonate group. The i-bonded complexes show much 

better DE performance and <P2> levels than the H-bonded complexes, which we relate to the liquid 

crystal structure of the former complexes. Fitting of the <P2> curves by a biexponential equation 

leads to two parameters associated with a fast trans-cis or angular hole burning (AHB) process and 

a slow angular redistribution (AR) process of the azo, respectively. It is found that AHB is 

predominant in the H-bonded complexes, whereas the AR contribution is much greater in the i-

bonded complexes, assuring their superior SRG efficiency that is enabled by the anisotropic free 

volume created mainly by the AR process. In each set of complexes, the SRG efficiency is much 

better for the lowest DP complex, while the AR contribution is constant (and low) for the H-bonded 

complexes and increases roughly linearly with decrease in DP for the i-bonded complexes. The 

latter difference might be related to the presence of entanglements in the complexes with DPs 480 

and 1900, which slow down the macroscopic movement during SRG inscription but not the 

molecular-scale movement in photoorientation. 
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INTRODUCTION 

Azobenzene derivatives (azos) are commonly incorporated in light-responsive materials 

due to their clean, efficient, and reversible photoisomerization reaction between a rod-like trans 

form and a bent metastable cis form.1-4 Upon illumination with linearly polarized light, the 

repetitive trans-cis-trans photoisomerization cycles and angularly selective photon absorption 

culminate in alignment of the azo motifs perpendicular to the polarization direction of the 

impinging light and can lead to large and stable anisotropy in initially isotropic azo-containing 

materials.1 Furthermore, light can initiate motion on a macroscopic scale in azopolymers when the 

sample is irradiated by an interference pattern of light. This photoinduced motion allows the 

formation of surface relief gratings (SRG) whose depth and diffraction efficiency depend on 

factors that include the nature of the azo, such as its dipole moment and cis lifetime, the laser 

wavelength, the type of interference pattern used, and the polymer molecular weight.5 During SRG 

inscription, which is generally effected below the glass transition temperature (Tg), the azopolymer 

surface deforms to replicate the incident light interference pattern. The inscribed patterns can reach 

hundreds of nanometers in depth, indicating that polymer chains can be triggered by light to move 

across the substrate surface over those macroscopic distances.1, 3, 6-8 However, despite its discovery 

more than two and a half decades ago9-10 and numerous investigations since that time,1-3, 7, 11-14 the 

fundamental mechanism underlying the SRG inscription process is still not comprehensively 

understood. Nonetheless, the SRG and photoorientation characteristics of photoactive 

azopolymers make them suitable candidates for various applications in photonics and 

optoelectronics, such as the design of rewritable holographic data recording devices,15-16 grating 

waveguide couplers,17-19 and biological tissue engineering.20 

In the present contribution, we turn to supramolecular azopolymers to advance the 

understanding of SRG formation, focusing on selected molecular parameters and profiting from a 

molecular-level spectroscopic analysis tool. Many polymers with covalently attached azo-based 

side chains have been investigated in the past, but their synthesis is relatively laborious and time-

consuming. Moreover, when preparing series of materials for investigations of the influence of 

specific molecular parameters on their optical properties, all-covalent syntheses generally do not 

provide identical backbone degrees of polymerization and polydispersities or an identical 

proportion and distribution of comotifs in the case of copolymers.1, 15-17, 21-22 The supramolecular 
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approach provides a convenient alternative for facilitating fundamental chemical design studies 

and enabling the development of high performance photoresponsive polymer systems.23-24 A 

photoactive guest molecule can be non-covalently bonded as a side group to a photopassive 

polymer host, notably via hydrogen (H),25-33 ionic (i),34-39 or halogen (X)40-44 bonds. These 

supramolecular polymer azocomplexes provide fully miscible systems up to equimolar ratio of the 

azo to polymer repeat unit for numerous (but not all) supramolecular bonds and, as such, display 

the same kinds of light-induced phenomena as all-covalent systems, and in particular SRG 

inscription capabilities.45 In many of these studies, the photopassive polymer host is poly(4-vinyl 

pyridine) (P4VP), due to its ready availability and its capacity to support all three types of non-

covalent bonds, notably as an acceptor for H- and X-bonds, as well as a participant in ionic bonds 

when it is protonated or quaternized.  

In the various studies that have been undertaken to improve the basic understanding of the 

photoinduced properties of azopolymers and to determine optimal designs in view of applications, 

two important topics have received only partial attention to date. The first is specifically related to 

azocomplexes, notably the effect of the interaction type and strength. The other is relevant to 

azopolymers in general, including azocomplexes, notably the effect of the polymer molecular 

weight or degree of polymerization. 

In the first case, when comparing the supramolecular bond strength for a given interaction 

type, a direct correlation was observed between interaction strength and SRG inscription efficiency 

for specific H-bonded46 and X-bonded41 complexes. On the other hand, other investigations, 

involving SRG formation in films of various H-bonded and X-bonded [via iodine (I) or bromine 

(Br) substituents] polymer azocomplexes based on low molecular weight P4VP at relatively low 

azo/4VP molar ratios (0.1-0.25),41, 47-48 gave a more complex picture. In particular, it was found 

that the SRG formation efficiency is significantly higher for a fluorinated I-bonded complex 

compared to the analogous H-bonded complex despite the higher azo-P4VP interaction strength 

of the latter, which was attributed to greater directionality of the halogen-P4VP bond.41 A lower 

mobility, as found when comparing a lower-Tg H-bonded complex with a higher-Tg iodoethynyl-

bonded complex, may also play a role.48 In other work, a comparison of hydrogen with ionic 

bonding, as well as with mixed ionic/hydrogen bonding involving proton transfer, in analogous 

azocomplexes based on medium molecular weight poly(dimethylaminoethyl methacrylate) (PDM) 
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up to azo/DM molar ratios of 1.0,49 revealed that the purely i-bonded complex (molar ratio 1.0) 

shows a much higher SRG inscription efficiency than the purely H-bonded complex, whereas the 

proton transfer complex shows somewhat better efficiency than the purely H-bonded one despite 

azo crystallization. 

In the second case, some studies have examined the influence of the polymer molecular 

weight on the SRG inscription of azopolymers and azocomplexes, but results appear not to be 

definitive. Some reports, which involve all-covalent azopolymers,5, 50 an azopolymer blended with 

a passive polymer of varying molecular weight51 and H-bonded azocomplexes,28 indicate that the 

SRG inscription efficiency and modulation depth tend to decrease with increasing molecular 

weight, possibly related to an increase in viscosity that hinders macroscopic chain movement.51 

The decrease occurs to a greater or lesser extent depending on the system (from very mildly50 to 

rather strongly28), at least when beyond the oligomeric range.28 In the case of the blend, no SRG 

inscription was observed when near or above the chain entanglement limit,51 but in other 

azopolymers, good SRG inscription was possible in films of high molecular weight azopolymers 

(e.g. 400,000 g/mol).5, 50 Moreover, rigid ionic azocomplexes based on a high molecular weight 

polymer backbone (quaternized P4VP of 200,000 g/mol) showed highly efficient and stable SRG 

formation with high modulation depths.34-35 However, since only one molecular weight was 

studied, it is not clear if the SRG efficiency was high due to the type of complexation and/or other 

factors despite the high molecular weight, and could possibly be higher for much lower molecular 

weight. Or perhaps the dependence on molecular weight is different for i-bonded compared to H-

bonded azocomplexes. 

Here, we will compare SRG inscription in analogous H-bonded and i-bonded 

azocomplexes, where the molecular weight of the passive polymer is varied in both cases. In 

addition, we aim to contribute to a deeper understanding of the molecular mechanism underlying 

SRG formation by drawing correlations with molecular-level photoorientation in these complexes 

using time-resolved infrared (IR) spectroscopy.48, 52,53 In particular, we take advantage of the 

chemical specificity of IR to determine if the orientation experienced by the azo compounds drives 

orientation in the photopassive polymer. These results will be related to the phenomena of angular 

hole burning (AHB) caused by trans-cis photoisomerization and angular redistribution (AR) 

involving reorientation of the trans isomers. 
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The azocomplexes are made using three P4VPs having low, medium and high degrees of 

polymerization (DPs 41, 480 and 1900, corresponding to molecular weights of 5200, 50,000 and 

200,000 g/mol, respectively) and two photoactive azo molecules that differ only in the functional 

group designed to interact with the polymer pyridine group, as shown in Scheme 1. The OH-

functionalized azo molecule [4-hydroxy-4-dimethylaminoazobenzene; hereafter azoOH] interacts 

with the unmodified P4VP (or P) by H-bonding after simple mixing of the two components to 

form azoOH/PDP complexes. For i-bonding, the three P4VPs are first quaternized by a methyl 

group (yielding P4VPMe or qP) and then subjected to an ion exchange procedure in the presence 

of the sulfonate-functionalized azo molecule, methyl orange {sodium 4-[(4-dimethylamino)-

phenylazo]benzene sulfonate; hereafter azoSO3}, thereby yielding the azoSO3/qPDP complexes. 

 

 

Scheme 1. Supramolecular complexes of (a) poly(4-vinylpyridine) (P4VP or P) hydrogen-bonded 

(H-bonded) with 4-hydroxy-4-dimethylaminoazobenzene (azoOH) and (b) methylated poly(4-

vinylpyridine) (P4VPMe or qP) ionically bonded (i-bonded) with the sulfonated analog (azoSO3, 

also known as methyl orange) of azoOH. The degrees of polymerization, DP, of the polymers used 

are 41, 480 and 1900 in both H-bonded and i-bonded complexes. 
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METHODS 

Materials. Poly(4-vinylpyridine) (P4VP) with a weight average molecular weight (Mw) of 

5200 g/mol and a polydispersity index (Mw/Mn) of 1.20 was obtained from Polymer Source, and 

P4VPs with viscosity average molecular weights of 50,000 and 200,000 g/mol were obtained from 

Scientific Polymer Products. 4-Hydroxy-4-dimethylaminoazobenzene (azoOH, >98%) and 

sodium 4-[(4-dimethylamino)phenylazo]benzene sulfonate (azoSO3), commonly termed methyl 

orange, were obtained from Tokyo Chemical Industry and Riedel-deHaën, respectively. N,N-

dimethylformamide (DMF, 99.8%), iodomethane (CH3I, 99.5%), nitromethane (≥95%) and 

deuterium oxide (D2O, 99.9%) were obtained from Sigma-Aldrich, dimethyl sulfoxide (DMSO, 

99.9%) from American Chemicals, chloroform (CHCl3, 99.8%) and diethyl ether (99%) from 

EMD Chemicals, and tetrahydrofuran (THF, 99.9%) from Fisher Scientific. All P4VPs were dried 

in a vacuum oven at 60 °C overnight before use, while the other chemicals were used as received. 

Milli-Q water was obtained from a Millipore Gradient A10 system (resistivity 18.2 MΩ.cm at 25 

°C). 

Complexation Procedures. The H-bonded complexes were prepared by dry mixing the 

appropriate amounts of azoOH and P4VP for a 1:1 azoOH:VP molar ratio, followed by dissolution 

in DMF at the desired concentration. These solutions were used directly for spin-coating of films. 

Equimolar complexation between the azoOH and the P4VP repeat units was verified by 1H NMR 

in DMSO-d6 (see Figure S1a for a representative example). 

To quaternize the P4VPs for use in the i-bonded complexes, approximately 10 g of 

nitromethane were gradually added to 0.5 g of P4VP (5 wt%) while stirring (300 rpm) at 46 °C in 

an oil bath until the polymer was fully dissolved. Then CH3I (5:1 CH3I:VP molar ratio for P41 and 

3:1 for P480 and P1900) was added at once to this solution and left to stir for 5 days at 46 °C. The 

quaternized P4VP (P4VPMe or qPDP) was precipitated by dropwise addition of the solution to 

about 150 mL of diethyl ether under vigorous stirring. The precipitate was filtered and left to dry 

overnight in a fumehood. Infrared spectroscopy (Figure S2) and 1H NMR in D2O (Figure S1b) 

indicated essentially full quaternization. 

The i-bonded complexes were prepared similarly to the procedure described by Zhang et 

al.34-35 Specifically, the desired amount of azoSO3 (1.5 equivalent relative to the DP for the 

azoSO3/qP41 complex, 1.14 equivalent for the azoSO3/qP480 and azoSO3/qP1900 complexes) was 
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dissolved in warm DMSO (~45 °C) and maintained for at least 1 h. The qP41 was dissolved in 

DMSO (~10 mL, 120 mg/mL concentration) to which 2 mL of Milli-Q H2O was added, whereas 

qP480 and qP1900 were dissolved in Milli-Q H2O at room temperature (25 mg/mL concentrations). 

Then the azoSO3 solution was gradually added to the qPDP solution, causing precipitation. After 

stirring at 45 °C for 1 h, sufficient DMSO was added to re-dissolve the precipitate. To eliminate 

the counterions (Na+ and I-), DMSO and excess azoSO3, the solutions were dialyzed (Spectra/Por 

molecular porous membrane tubing with a molecular weight cutoff 3500, from Spectrum 

Laboratories) against Milli-Q water for 2-3 weeks until no color was apparent in the water outside 

the bag, during which the Milli-Q water was refreshed several times. After dialysis, it was found 

necessary to further purify the azoSO3/qP41 complex; this was done by redissolution in DMSO and 

drop-by-drop precipitation in vigorously stirred Milli-Q water, followed by centrifugation in a 50-

mL tube at 13000 rpm for 5 min (Sorvall RC-5C Plus Centrifuge) to maximize recovery of the 

complex. The final precipitates were freeze-dried for 5 d at -90 °C, followed by drying in a vacuum 

oven at 60 °C for 3 d and then 100 °C for 1 d. 1H NMR in DMSO-d6 indicated an essentially 

equimolar ratio between azoSO3 and the qP repeat units (representative spectrum shown in Figure 

S1c). 

Sample Preparation and Characterization. 1H NMR spectra were recorded at room 

temperature using a Bruker Ultrashield 400 MHz spectrometer. Differential scanning calorimetry 

(DSC) was conducted with a PerkinElmer DSC 8500 calorimeter calibrated with indium to 

measure the glass transition temperatures (Tg’s) of the pure P4VP samples. Samples of 2-3 mg 

were pressed in standard aluminum pans and vacuum-dried overnight at 70 ℃. The Tg’s were 

averaged from the half-heights of the heat capacity jump in the second and third heating scans 

using a heating rate of 10 ℃/min from 50 to 180 ℃ after fast cooling. No clear Tg’s could be 

determined for the ionic complexes despite taking scans with larger sample sizes and under 

different conditions (heating and cooling rates, after annealing at selected temperatures), but a Tg 

for the azoSO3/qP1900 ionic complex had been determined previously.34-35 The Tg’s for the H-

bonded complexes were estimated by IR spectroscopy, as described below, in connection with 

another project. 

Spin-coated films were prepared from DMF solutions using a Specialty Coating Systems 

model G3P8 spin-coater with a spin-coating time of 60 s. The solution concentrations and spin-
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coating speeds depended on the desired film thicknesses or other characteristics specified below. 

The films were dried in a vacuum oven at 70 and 90 °C for the azoOH and azoSO3 complexes, 

respectively, for 1 d to evaporate residual DMF, as confirmed by the absence of the DMF band 

around 1660 cm-1 in the IR spectra. A lower drying temperature was necessary for the H-bonded 

complexes to avoid losing IR-perceptible amounts of azoOH. Film thicknesses were measured 

with a Bruker DektakXT profilometer.  

For UV-visible measurements, thin films with similar azobenzene absorbances (A) at 488 

nm were spin-coated from 7 wt% DMF solutions onto BaF2 substrates at speeds of 1100 and 1400 

rpm for H-bonded and i-bonded complexes, respectively (giving A = 0.32 and 0.40, respectively). 

The spectra of the films were recorded with an Ocean Optics USB2000+ spectrometer equipped 

with a DH-mini light source. The thin films were irradiated using a linearly polarized 488-nm 

diode laser (JDSU FCD488-020) to induce photoisomerization in the sample for 5 min. The beam 

diameter of 0.7 mm was expanded to 7 mm using a Thorlabs BE10M beam expander to cover the 

probe beam cross section with an irradiance of ~20 mW/cm2. The minimum cis isomer content 

(Pcis) at the end of this irradiation time was determined from Equation 1, 

𝑃 1  (Eq. 1) 

where Airr is the maximum absorbance at the end of irradiation and A0 the absorbance before 

irradiation. 

Infrared Spectroscopy. For IR measurements, films with thicknesses of 500-600 nm were 

prepared by spin-coating 13 wt% DMF solutions onto BaF2 windows with spin speeds varying 

from 300 to 1100 rpm for H-bonded complexes and 300 to 2100 rpm for i-bonded complexes, 

where, to obtain similar film thicknesses, the spin speed had to be increased with increasing 

polymer molecular weight. Five samples of each complex were prepared and analyzed to validate 

reproducibility. Prior to spin-coating, the azoSO3/qP41 solution, which contained some precipitate, 

was filtered through a 0.45-μm pore-size PTFE syringe filter. The absorbances at 488 nm of all 

films were comparable at A = 1.5-2. 

Static IR spectra were recorded using a Bruker Optics Vertex 70 Fourier transform IR 

spectrometer with a deuterated L-alanine triglycine sulfate (DLATGS) detector with a resolution 

of 4 cm-1 by averaging 150 scans. For comparison, spectra of the pure components were obtained 
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in the attenuated total reflection (ATR) mode using a Bruker Optics Tensor 27 FT-IR spectrometer 

equipped with a mercury cadmium telluride (MCT) detector and a MIRacle (Pike Technologies) 

silicon ATR accessory. The ATR spectra were recorded with a resolution of 4 cm-1 by averaging 

256 scans on samples drop-cast directly on the ATR element from solutions of pure P480 in 

chloroform, pure qP480 in Milli-Q water, pure azoSO3 in DMSO, and pure azoOH in THF, all at 5 

wt% solution concentration.  

The Tg’s of the H-bonded complexes were determined by IR following our previously 

published approach.54 A 1 wt% DMF solution of each complex was cast onto the single-reflection 

diamond element of a heated Golden Gate (Specac) ATR accessory. The samples were first heated 

to a maximum temperature depending on the polymer molecular weight (110, 125, and 135 ℃ for 

azoOH/PDP complexes of DPs 41, 480 and 1900, respectively) for 3 min to erase thermal history. 

Then the IR spectra were recorded during cooling at a rate of 2 °C/min by averaging 100 scans 

with 4 cm-1 resolution using the Tensor 27 spectrometer. Background spectra were recorded for 

each sample by applying the same cycle. The spectroscopic Tg's were obtained by following the 

position of the 1362 cm-1 azoOH band as a function of temperature.  

To probe the time-resolved photoorientation of the complexes, we used polarization 

modulation infrared structural absorbance spectroscopy (PM-IRSAS).55 This method measures 

simultaneously the dichroic difference (ΔA) and the structural absorbance spectra (A0), allowing 

the order parameter (<P2>) to be calculated from Equation 2,  

〈𝑃 〉     
|| 

||  
 (Eq. 2) 

where A‖ and A are the absorbances of the band of interest for the spectra polarized parallel and 

perpendicular, respectively, to the pump laser polarization, and  is the angle between the 

transition dipole moment of the vibrational mode and the main axis of the molecule of interest. 

Density functional theory (DFT) calculations were performed to estimate the angle  using 

Gaussian 16 on Compute Canada's supercomputer Graham. Results were analyzed using 

GaussView 6. All molecules were optimized with the B3LYP functional and the 6-311+G(d,p) 

basis set before simulating their infrared spectra. No imaginary frequencies were obtained. DFT 

using the same basis set was used to calculate molecular dipole moments. 
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PM-IRSAS spectra were recorded with a resolution of 4 cm-1 using the Vertex 70 

spectrometer with an external optical set-up consisting of two ZnSe lenses, a KRS-5 wire-grid 

polarizer, a photoelastic modulator (PEM-90 type II/ZS50, Hinds Instruments), a liquid nitrogen-

cooled MCT photovoltaic detector (Kolmar Technologies), a lock-in amplifier (Stanford Research 

Systems, SR830 DSP) with a 30-μs time constant, and two dual-channel electronic filters 

(Frequency Devices, 90TP/90IPB).55 The samples were irradiated in situ for 1700 s using the 

beam-expanded 488-nm diode laser of ~20 mW/cm2 irradiance also used for the UV-visible 

spectroscopy experiments. To follow the fast changes in orientation during the first 1 min of 

illumination (laser on) and of thermal relaxation (laser off), spectra were recorded from averages 

of 20 scans (~4 s/spectrum) and 100 scans (~19 s/spectrum), respectively. Subsequently, a higher 

number of scans (up to 320 scans per spectrum or ~61 s/spectrum) were coadded during the slower 

orientation and relaxation processes to increase the signal-to-noise ratio. Curve fitting was 

performed, using OriginPro 2015, on the absolute values of <P2>. 

SRG Inscription. SRGs were inscribed on spin-coated films of 400-600 nm in thickness, 

prepared in the same way as for the IR measurements, except using soda lime glass slides as 

substrates. The inscription was done using a Lexel model 95L argon-ion laser (7 W, 488 nm) at 

irradiances of 100, 200 and 400 mW/cm2 (as measured with a Coherent Powerwand). The 

inscribing laser beam was spatially filtered, collimated, and circularly polarized by a quarter-wave 

plate, to have the two oppositely rotating interfering beams impinge on the sample. This 

combination of left- and right-circularly polarized light (LCP-RCP) produces an interference 

pattern with a spatially rotating linear polarization. To produce the SRG patterns, the incident laser 

beam was directed so that one half passed directly through the sample and the other half was 

reflected from a Lloyd’s mirror interferometer that was installed perpendicularly to the sample to 

produce an interference pattern. The inscription of the SRGs was tracked during 1000 s of laser 

illumination by measuring the first-order diffraction of a mechanically chopped 633-nm He-Ne 

probe laser. The transmitted first-order diffracted signal was attenuated with a 0.4% neutral density 

filter before reaching the silicon photodiode to avoid detector saturation. The photodiode signal 

was then captured using an SRS model 830 lock-in amplifier and recorded on a computer. The 

diffraction efficiency (DE) was calculated by dividing the power of the first-order diffracted signal 

(with the pump laser on) by the power of the transmitted zeroth-order diffracted signal (with the 

pump laser off) obtained after completion of the SRG. To have the same input sensitivity range in 
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the lock-in amplifier for the zeroth-order compared to the first-order signal, a 6.6% neutral density 

filter was used in addition to the 0.4% filter. 

 

RESULTS & DISCUSSION 

The objective of this work is to understand the impact of binding type and polymer 

molecular weight on the photoinduced macroscopic mass transport of supramolecular azopolymer 

equimolar complexes during SRG inscription and to relate its efficiency to molecular-level 

photoinduced orientation. Before presenting these results, it is useful to present some basic 

characteristics of the complexes. Visually, the films are uniform and show no evidence of 

macroscopic phase separation or crystallization. The azoOH/PDP films are transparent, in keeping 

with their amorphous non-liquid crystal (LC) structure, as shown by the absence of birefringence 

under polarized optical microscopy (POM).31 In contrast, the azoSO3/qPDP films are translucent, 

in keeping with their (single layer) smectic A LC structure, maintained up to the onset of 

degradation, as determined previously by POM, X-ray diffraction, DSC and thermogravimetric 

analysis.34-35 The lack of macrophase separation is indicative of a high level of complexation, since 

the azo molecules by themselves are crystalline with high melting points. For the H-bonded 

complexes, the high complexation was verified by infrared spectroscopy, which shows that the 

993 cm-1 free pyridine band in P4VP is replaced to a large extent by the 1008 cm-1 H-bonded 

pyridine band in the complex (see section B of the Supporting Information and Figure S3). A 

previous quantitative analysis of a similar H-bonded complex over a wide range of molar ratios 

indicated that the H-bonding level tends to be roughly 80% of the maximum level.53 For the i-

bonded complexes, full complexation is ensured by the removal of the small counterions 

associated with the starting azo and polymer components.34-35  

UV-Visible Analysis. Figure 1 shows the UV-visible spectra of thin films of the 

azoOH/P480 and azoSO3/qP480 complexes before (initial state) and after 5 min of irradiation with 

488-nm vertically polarized light. These spectra are representative of the complexes with all three 

DPs. For comparison, the spectra of the pure azos in dilute DMF solutions (0.0085 mg/mL) are 

also shown. The similarity between the spectra of the azoOH/PDP film and the corresponding 

azoOH DMF solution (Figure 1a), in particular the wavelength of maximum absorption (max), 

indicates that the azo is molecularly well dispersed in the polymer matrix with no aggregation, 
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consistent with the visual transparency and disordered amorphous phase of the complex. This is 

also an indirect indication of high complexation between the OH and VP moieties, including after 

irradiation, since the azoOH molecules would tend to crystallize without complexation and then 

drastically modify the spectrum.48  

 

Figure 1. Normalized UV-visible absorption spectra of spin-coated thin films of (a) azoOH/P480 

and (b) azoSO3/qP480 complexes before (initial state, solid blue lines) and after 5 min of irradiation 

(dashed blue lines), compared to the spectra of the pure azos in dilute DMF solution (0.0085 

mg/mL; black lines). The dip in absorbance at 488 nm in the spectra after irradiation is caused by 

scattering of the laser light. 
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The main band at 410 nm is assigned to the  absorption of the azoOH trans isomer, 

while the n absorption of this isomer appears as a shoulder near 470 nm.35, 49, 56 Under 

illumination by 488 nm light, the 410 nm band decreases in intensity as a result of trans-cis 

photoisomerization, and a new band due to the n absorption of the cis isomer develops at around 

540 nm. The extent of decrease in the 410 nm band intensity indicates, based on Equation 1, that 

the minimum cis isomer content is approximately 14% after 5 min of illumination. Since 488 nm 

irradiation can excite both the trans and cis n-π azo bands, fast trans-cis-trans isomerization cycles 

are photochemically produced and prevent the accumulation of a large fraction of cis isomers 

during irradiation. Moreover, the absence of change in max upon illumination suggests that the 

azo-azo interactions are not affected by the isomerization.53 

In contrast to the H-bonded complex, the shift in max of the UV-visible spectrum of the i-

bonded azoSO3/qP480 film (394 nm) compared to pure azoSO3 in DMF (423 nm), as shown in 

Figure 1b, indicates significant differences in the chromophore-chromophore interactions 

between the dilute solution and the spin-coated film. This 29-nm blue shift, accompanied by 

differences in spectral shape, can be ascribed to changes in the local environment of the 

chromophore36, 57 and to excitonic coupling of the azos due to the smectic A packing in the films.34-

35, 49 The shoulder near 450 nm in the film is most likely due to the trans n-π transition, although 

it is not ruled out that it could also be due to the  band of a small amount of uncomplexed 

azoSO3.35, 56, 58 The spectra of the film before and after irradiation show no change in max, again 

consistent with the absence of photoinduced decomplexation, and the observed changes, notably 

the decrease in intensity of the 394 nm band, arise from increased cis content following irradiation. 

The minimum cis content after 5 min of irradiation, determined by Equation 1 from the decrease 

in the absorption of the 394-nm band to be 20%, is just a little higher than that obtained for the H-

bonded complex. Thus, the two systems reach a relatively low cis content under irradiation that 

suggests efficient trans-cis-trans isomerization cycling under similar conditions. 

Glass Transition Temperature. The Tg’s of the H-bonded complexes are 68, 72 and 83 

°C (determined by temperature-dependent IR; see Experimental Section) in order of increasing 

DP. They are lower than those of the pure P4VP host, which are 134 °C for P41 and ~150 ℃ for 

P480 and P1900 (determined by DSC), indicating a plasticization effect of the azo as previously 

observed for H-bonded azopolymer complexes with P4VP.48, 59 The Tg of the i-bonded complex 
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with the highest DP has previously been determined (by DSC) to be approximately 180 °C,35 much 

higher than those of the H-bonded complexes. That of the intermediate DP complex is likely to be 

similar, while the lowest DP complex should be lower, although probably still above 150 °C, as 

supported by analysis of a quaternized PDM block of low molecular weight (3400) complexed 

with azoSO3 (outer blocks of a microphase-separated triblock copolymer having a sub-ambient 

central block), for which a weak and broad Tg of 154 °C was detected.60 In all cases, the Tg’s of 

the complexes are well above ambient temperature. 

Surface Relief Grating Formation. SRG inscription was conducted to evaluate the 

photoinduced macroscopic-scale mass transport in the complex films upon illumination. An 

interference pattern of circularly polarized 488 nm light with different irradiances (100, 200, and 

400 mW/cm2) was applied for a period of 1000 s. Examples of atomic force microscopy images 

of SRGs in these materials have been presented in refs 31, 34 and 35 for selected DPs (see 

reproductions in Figure S4). Here, we focus on the first-order diffraction efficiency (DE), which 

gives a more accurate picture of the inscription, being in situ and covering a much larger area. 

Using the same experimental conditions for all the samples and with small volume birefringence 

or polarization gratings (see below), the correlation between the surface profile amplitudes and the 

DE can be approximated as linear for the DE levels attained. No visual evidence of crystallization, 

such as increased opacity, was observed in the SRG-inscribed areas, again indicative of the 

robustness of the supramolecular interactions used. 

Figure 2a presents the DE values as a function of time during illumination with a laser 

irradiance of 200 mW/cm2 for the H-bonded and i-bonded complexes and Figure 2b presents these 

values at the end of the inscription period of 1000 s as a function of the irradiance. The DE plots 

show, first, that SRG inscription for each series is much more efficient for the complexes with the 

lowest DP (41) than for the complexes with the two higher DPs (480 and 1900), the latter being 

similar to each other. Second, there is a substantial difference in the SRG inscription kinetics 

between the H-bonded and i-bonded complexes, with the i-bonded complexes showing much more 

efficient SRG inscription than the H-bonded complexes, even for the highest DP i-bonded complex 

compared to the lowest DP H-bonded complex. This provides a more general picture that is 

consistent with and pulls together the more partial data in previous literature. Notably, the present 

data for the H-bonded complexes is consistent with previous observations that (a) the DE tends to 
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decrease with increasing molecular weight for all-covalent polymers and H-bonded complexes,28, 

50-51 but especially strongly in the oligomeric range (DP 41 in our case),28 and (b) the data for the 

i-bonded complexes generalize those observations to include this bond type. The present data also 

confirm that (c) SRG inscription can nevertheless show good efficiency even for a polymer host 

of high molecular weight,5, 35, 50 and that (d) i-bonded complexes perform much better than 

analogous H-bonded complexes.49 It should be noted, however, that we have shown previously35 

that i-bonded complexes perform less and less well with the introduction of moieties that are 

increasingly flexible, such as in the azo tail, to the point that the DE curves begin to resemble those 

for the azoOH complexes in the present contribution. 
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Figure 2. (a) Diffraction efficiency of surface relief grating formation as a function of irradiation 

time for H-bonded azoOH/PDP and i-bonded azoSO3/qPDP complexes of different polymer degrees 

of polymerization at an irradiance of 200 mW/cm2 (see Figure S5 for irradiances of 100 and 400 

mW/cm2). (b) Maximum DE of the azocomplexes as a function of laser irradiance (given also in 

Table S1), where error bars are based on measurements on 2-4 samples (one sample each for 

azoOH/P480 at 100 mW/cm2 and for azoSO3/qP480 at 100 and 400 mW/cm2). 

 

A closer look at the kinetics (Figure 2a) indicates that the DE values for the H-bonded 

complexes increase almost linearly during the entire 1000-s period of laser irradiation without 

tending towards saturation. In contrast, the DE values for the i-bonded complexes initially rise to 

0.7-1% within a few seconds, then grow approximately linearly with time up to about 300 s and 

finally tend towards a quasi-plateau indicating (near-)saturation. Because the rates of increase in 

the linear portion of the curves are greater for the i-bonded complexes (from 6 to 15 times in the 

portion between 100 and 300 s), their 1000 s DE values are much higher than those of the H-

bonded complexes despite reaching saturation relatively early on. Furthermore, the rates of linear 

increase in each series are similar for the two higher DP complexes and much greater (2 to 5 times) 

for the oligomeric (DP 41) complexes. 

The effect of laser irradiance on the DE values at the end of the inscription period is shown 

in Figure 2b. For the H-bonded complexes, there is an approximately linear increase in the DE 

values with irradiance, on the order of 5 % increase per W/cm2. This can be explained by the fact 

that the H-bonded complexes have not reached saturated DE in the 1000 s of illumination for this 

range of irradiances, so that higher irradiance, which results in greater SRG inscription speed (see 

Figure S5b), converts directly into larger DE values. In contrast, for the i-bonded complexes, there 

is an increase in DE when the irradiance is increased from 100 to 200 mW/cm2, followed by no 

further change within experimental uncertainty from 200 to 400 mW/cm2. In this case, the 

inscription curves have not reached saturation during the 1000 s illumination at 100 mW/cm2 

(Figure S5a), but they are at or close to saturation by 1000 s at 200 mW/cm2 (Figure 2a) and 400 

mW/cm2 (Figure S5b), thereby accounting for the initial increase in DE, after which there is no 

further change because saturation has been reached. A similar increase in DE and a parallel change 
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in the temporal curve from one that continually rises to one with a plateau was observed for the i-

bonded azoSO3/PDM complexes in ref 49 when increasing the irradiance from 50 to 190 mW/cm2. 

Finally, we draw attention to the changes in DE at the start and at cessation of irradiation 

(Figure 2a). The initial rapid increase in the first few seconds, which reaches approximately 0.2% 

and 1% at 200 mW/cm2 for the H-bonded and i-bonded complexes, respectively, is attributed to 

volume birefringence gratings.61 Subsequently, their growth is overtaken by mass transport of the 

material resulting in the SRGs. This is accompanied by a decrease in the rate of DE increase 

compared to the first seconds of irradiation and in some cases to a decrease in the absolute DE 

value for azoOH/PDP, which suggests that the transient and permanent gratings do not diffract in 

phase.61 Upon cessation of irradiation at 1000 s, a small increase in the DE values is observed, 

which is attributed to the back relaxation from cis to trans or the elimination of the volume 

birefringence grating in favor of the strongly diffracting surface relief gratings.62 The diffraction 

from the volume birefringence grating is out-of-phase with the diffraction from the SRG, thereby 

diminishing the total diffracted signal during the irradiation period. Its rapid disappearance upon 

cessation of irradiation increases the DE arising from the more permanent SRG.61 

Photoinduced Orientation. To gain molecular-level insight into the SRG inscription 

process, we used PM-IRSAS to investigate photoinduced orientation (expressed as the order 

parameter <P2>) over time of the azo chromophores and the polymer hosts under linearly polarized 

illumination, followed by thermal relaxation. For the azoOH/PDP complexes, two azoOH bands 

that are sufficiently isolated and intense to provide a good signal-to-noise ratio lie at 1363 and 

1148 cm-1 (see Figure S6a, which compares the ATR spectra of the pure components with the 

structural absorbance (A0) and dichroic difference (ΔA) spectra under irradiation of a spin-coated 

film of azoOH/P480). According to DFT calculations, the band at 1363 cm-1 is due to a complex 

mode involving the dimethylaminophenyl moiety, while the 1148 cm-1 band involves in-plane 

deformation of the aromatic CH and C−N bonds. For P4VP, the most isolated bands are those at 

1418 and 1008 cm-1, which can be assigned to an antisymmetric CH deformation of the pyridine 

ring and to a symmetric ring deformation of the H-bonded P4VP, respectively. For the i-bonded 

complexes, the intense 1365 and 1113 cm-1 azoSO3 bands and the 1643 cm-1 P4VPMe band are 

suitable choices (see Figure S6b). According to DFT calculations, the 1365 cm-1 band is the 

azoSO3 equivalent of the azoOH 1363 cm-1 band, the 1113 cm-1 band is due to a highly delocalized 
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vibration of the azo molecule, while the 1643 cm-1 P4VPMe band can be assigned to a symmetric 

stretching mode of the pyridinium ring. The α angles for the selected bands, needed to calculate 

the <P2> values with Equation 2, were estimated with the help of DFT calculations. The 

vibrational modes of azoOH and azoSO3 all involve transition dipole moments parallel to the azo 

long axis, implying that α ~ 0°. Those of the 1008 cm-1 P4VP band and of the 1643 cm-1 P4VPMe 

band are parallel to the N-C4 axis of the pyridine ring so that α ~ 0°, whereas α ~ 90° for the 1418 

cm-1 P4VP band (the transition dipole moment is perpendicular to the N-C4 axis but in the plane 

of the pyridine ring). 

Figure 3 gives the <P2> values determined from the 1363 cm-1 azoOH band and the 1365 

cm-1 azoSO3 band as a function of time during irradiation at 488 nm (laser on) followed by thermal 

relaxation (laser off) for the two series of complexes. These curves are compared with the 1148 

cm-1 azoOH band and the 1113 cm-1 azoSO3 band in Figure S7a,b, showing that the two bands for 

each azo give very similar results in terms of both the shape of the curves and the amplitude of the 

order parameters. 

We will focus first on the photoorientation part of the curves. The initial <P2> values before 

illumination are close to zero because of the random distribution of the trans azobenzenes in the 

spin-coated films. Upon irradiation, <P2> first grows rapidly towards negative values, which is 

consistent with the expected perpendicular orientation of the azo molecules relative to the 

polarization direction of light. For the H-bonded complexes, the photoorientation reaches a quasi-

plateau after a few seconds of irradiation, corresponding to the saturation level of orientation 

(<P2>max). In contrast, for the i-bonded complexes, the photoorientation of azoSO3 increases in a 

biexponential fashion, where the initial fast process is followed by a slow process that does not 

reach a saturated <P2>max within the timescale of the experiment. The <P2> values are similar for 

both series of complexes during the fast process; however, at the end of irradiation, the i-bonded 

complexes reach much higher <P2> values, on the order of -0.14 compared to around -0.045 for 

the H-bonded complexes, because of the contribution of the slow process. Interestingly, the 

<P2>max values reached by a given azo, tabulated in Table 1, vary little with the polymer DP, 

contrasting with the DP dependence of the SRG results, which will be discussed later.  
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Figure 3. Photoinduced orientation (laser on) and thermal relaxation (laser off) curves of (a) the 

azo unit in the azoOH/PDP and azoSO3/qPDP complexes and (b) the host polymer in the azoOH/P41 

and azoSO3/qP41 complexes.  
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Table 1. Maximum azobenzene orientation (<P2>max) and percentage of residual orientation 

(<P2>res) after thermal relaxation, determined using the indicated bands for the H-bonded and i-

bonded complexes.  

 <P2>max <P2>res (%)a 

azoOH/PDP 1148 cm-1 1363 cm-1 1148 cm-1 1363 cm-1 

   41 -0.043  0.004 -0.043  0.004 47  2 50  3 

  480 -0.046  0.004 -0.047  0.005 47  7 48  9 

1900 -0.043  0.003 -0.041  0.002 50  5 54  5 

azoSO3/qPDP 1113 cm-1 1365 cm-1 1113 cm-1 1365 cm-1 

   41 -0.14  0.01 -0.14  0.01 92  2 90  3 

  480 -0.14  0.01 -0.14  0.01 87  3 85  2 

1900 -0.13  0.01 -0.13  0.01 80  2 80  2 

a Residual orientation, <P2>res, is expressed as the percentage of the <P2> value after  

1700 s of thermal relaxation relative to the maximum orientation, <P2>max. 

 

The fast photoorientation process is related to a phenomenon called angular hole burning 

(AHB), during which there is a rapid depletion of trans azos that are parallel or partly parallel to 

the laser polarization direction.63-66 Indeed, the probability of photon absorption is proportional to 

the cosine squared of the angle between the electronic transition dipole moment of the azo and the 

laser electric field vector. This leads to a fast apparent perpendicular orientation due to the 

angularly selective photoisomerization to the cis state. Therefore, the steep drop in the <P2> values 

for azoOH during the first few seconds of irradiation immediately followed by a quasi-plateau 

strongly suggests that the photoorientation in the azoOH/PDP complexes is dominated by the AHB 

process. On the other hand, the slow orientation process that follows the rapid AHB for the 

azoSO3/qPDP ionic complexes is ascribed to a mechanism of angular redistribution (AR) involving 

multiple trans-cis-trans isomerization cycles. This process progressively reorients the long axis of 

the trans isomer and culminates in their accumulation perpendicular to the laser polarization 

direction.53, 66-68 It may be added that, when sufficiently strong intermolecular interactions are 
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present, AR can involve cooperative reorientation of an indeterminate number of neighboring 

molecules. 

The relative importance of the AHB and AR processes can be estimated by fitting the 

photoorientation curves with a biexponential function69-70 (Equation 3), 

〈𝑃 〉 𝐴 1 𝑒 𝐵 1 𝑒  (Eq. 3) 

where the parameters A and B represent the contributions of the fast (AHB) and slow (AR) modes 

to the photoorientation process with time constants A and B, respectively. Examples of curve fits 

for each type of complex are illustrated in Figure S8a,b. The resulting A and B values and the 

relative contributions of AHB and AR processes to the photoorientation are shown in Table 2. 

 

Table 2. Parameters obtained by fitting the photoorientation curves in Figure 2 using 

Equation 3.a 

 DP A (s) B (s) An (%) b Bn (%) b 

azoOH/PDP 

   41 2  1 170  8 87  6 13  6 

  480 3  1  150  2 88  8 12  8 

1900 8  1   470  20 88  4 12  4 

azoSO3/qPDP 

   41 8  1 1110  70 31  2 69  2 

  480 7  1   660  30 42  3 58  3 

1900 3  1   620  30  51  1 49  1  

a The values and uncertainties represent the means and standard deviations of the parameters 
obtained when curve fitting the photoorientation curves of six different films for each complex. 

b 𝐴   
 

100      and      𝐵   100 

Table 2 indicates that the AHB process (An) in the photoorientation of the H-bonded 

complexes is predominant at about 85-90%, thus with a contribution from the slow AR component 

(Bn) that is only about 10-15%. The AHB process occurs on a timescale (A) on the order of a few 
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seconds (from 2 to 8 s). The characteristic time for the slow AR component (B) is necessarily 

much longer, although the values in Table 2 are not accurate given its small contribution to the 

photoorientation process. Moreover, the AHB and AR contributions for the H-bonded complexes 

are independent of the molecular weight of the host polymer. In the i-bonded complexes, the AR 

contribution to the photoorientation is much larger at 50-70%. The characteristic times for the fast 

AHB process are in the same range as for the H-bonded complexes, whereas these times for the 

slow process are on the order of 10 min or more. Significantly, the AR contribution to the 

photoorientation of the i-bonded complexes decreases (and concomitantly the AHB contribution 

increases) with increase in polymer DP. In this context, the apparent lack of a <P2>max dependence 

on DP for the ionic complexes mentioned above can be viewed as more or less coincidental 

considering the following. The increasing AHB contribution to <P2> as DP increases, which 

dominates only at short irradiation times, is gradually offset by the AR contribution with DP as 

the irradiance time lengthens. This causes the <P2> value for the lower DP to gradually approach 

that for the higher DP, and, for long enough irradiance time, to surpass the <P2> value for the 

higher DP. This is particularly apparent in the curves for DP 41 (Figures 3a and S6), where at 

1700 s of irradiance the <P2> values for DP 41 have already surpassed the values for DP 1900 and 

are about to surpass the values for DP 480. These tendencies would probably be more apparent at 

the higher irradiances used for SRG inscription. 

Upon cessation of irradiation, relaxation of orientation occurs for both sets of complexes, 

as shown in Figure 3a. Like photoorientation, it is characterized by an initial fast process in the 

first few seconds that can be understood as a reversal of the AHB process, in that cis isomers 

thermally relax back to the trans form, at least partially.69-70 Then, an extremely slow process sets 

in so that the order parameter quickly reaches a quasi-plateau that is indicative of the residual 

orientation, <P2>res, that remains in the films. Because the slow process hardly affects its level, the 

value of <P2>res relative to <P2>max in the relaxation timescale studied is determined essentially by 

the extent of AHB reversal; i.e. the lower the <P2>res relative value, the greater the extent of AHB 

relaxation that occurs. That the slow process observed in photoorientation (driven by the laser) 

hardly contributes to the thermal relaxation can be rationalized by the fact that the systems are well 

below their Tg. Table 1 shows that the percentages of <P2>res measured at 1700 s of relaxation are 

much higher for the i-bonded complexes (80-90%) than for the H-bonded complexes (around 
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50%), indicating that the i-bonded complexes are more efficient than the H-bonded complexes in 

preserving their photoorientation.  

Furthermore, no dependence of the percent <P2>res on the polymer DP is apparent for the 

H-bonded complexes, in parallel to the observations for <P2>max and its AHB and AR contributions 

(Figure 3a and Table 1). In contrast, the percent <P2>res for the i-bonded complexes decreases 

with increase in DP, which is consistent with the increasing degree of the AHB contribution and 

decreasing degree of the AR contribution to photoorientation with DP in the i-bonded complexes 

(Table 2). Thus, the ionic azoSO3/qP41 complex shows the greatest AR efficiency, which, in turn, 

leads to a higher proportion of photoorientation that resists relaxation, culminating in higher 

residual orientation.  

The percent <P2>res trends discussed above are all consistent with the relative importance 

of the fast AHB process to photoorientation. However, comparison of Tables 1 and 2 indicates 

that the percent <P2>res values are systematically larger than the related AHB fractions. This 

suggests that a significant proportion of the AHB orientation is not recoverable on the timescale 

of several min of thermal relaxation well below Tg. Under laser irradiation, the cis-trans reaction 

can occur thermally and photochemically because the cis conformer also absorbs at the 

illumination wavelength. When the irradiation is stopped, only the slower thermally activated cis-

trans reaction can take place. It is thus plausible that a number of cis conformers remain kinetically 

trapped by the rigid matrix or relax to an oriented trans conformation because of steric constraints, 

thereby contributing to the high percent <P2>res values in addition to the stable AR orientation. 

In contrast to the azo bands, Figure 3b shows the <P2> values of the pyridine bands for 

the H-bonded complex and of the pyridinium band for the i-bonded complex show no clear 

variation over time during illumination (and therefore none either after cessation of illumination). 

Static polarized spectra recorded after 1000 s of irradiation, shown in Figure S9a,b for the H-

bonded and i-bonded complexes of DP 480, confirm that no significant orientation is observable 

for the pyridine or pyridinium side group. This implies that the orientation of the azo derivatives 

does not drive a measurable orientation of the passive polymers in the present complexes, which 

is similar to what was found in some systems53 but contrasts with some other systems,48, 53 as 

discussed below. 
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Discussion. It is instructive to compare the PM-IRSAS photoorientation results of the 

present contribution, particularly those contrasting the H-bonded and i-bonded complexes, with 

those obtained by us under similar irradiation conditions for a previous system,53 where two H-

bonded complexes analogous to the present azoOH but with different tail substituents, namely H 

and CN in the place of dimethylamino (DMA), were investigated. In this comparison, we will use 

the acronyms, DMAazoOH, HazoOH and CNazoOH, respectively, to distinguish the H-bonded 

complex of the present contribution and those of ref 53. We will also refer mainly to the present 

complexes that have a P4VP DP of 1900 since this was the only DP studied in ref 53 and to the 

equimolar complexes in ref 53 since this was the only azo/VP composition studied in the present 

paper.  

There are several striking parallels between the DMAazoOH and HazoOH complexes on 

the one hand, and the azoSO3 and CNazoOH complexes on the other hand. First, the shape of the 

photoorientation curves for the DMAazoOH and HazoOH complexes are very similar, notably 

with the rapid development of a plateau, and the shape of these curves for azoSO3 and CNazoOH 

complexes are similar, showing a continuous rise within the irradiation period (1600-1800 s). 

Furthermore, the maximum orientation at the end of the irradiation period for azoSO3 and 

CNazoOH complexes are much greater (3 and ~4 times, respectively) than that for DMAazoOH 

and HazoOH complexes. In parallel, the AR contribution is important (50-70%) for the azoSO3 

and CNazoOH complexes, whereas the AHB contribution is predominant (~90%) for the 

DMAazoOH and HazoOH complexes. Moreover, there is relatively little thermal relaxation for 

the azoSO3 and CNazoOH complexes (<P2>res ~80%), whereas orientation is less stable for the 

DMAazoOH and HazoOH complexes (<P2>res ~50% or less).  

The parallels between the DMAazoOH and HazoOH complexes and between the azoSO3 

and CNazoOH complexes cannot be ascribed to the nature of the supramolecular bond, since three 

involve the H-bond and only one involves the i-bond. Nor can it be ascribed to Tg differences, 

since the Tg’s are similar for all three H-bonded complexes (below 100 °C; see above) and much 

higher for the i-bonded complex (near 180 °C; see above). On the other hand, both the DMAazoOH 

and HazoOH complexes are isotropic, whereas the azoSO3 and CNazoOH complexes have a LC 

structure.31,34-35 This strongly suggests that the main reason for the differences between the two 

pairs of complexes lies in their phase state, or more fundamentally in the strength of the lateral 

interactions between the azo groups that give rise to the LC order. These lateral interactions are 
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determined by factors such as the azo dipole moment and steric features that may favor or inhibit 

LC packing. The correlation with LC order is further supported by the observation in ref 53 that 

the maximum orientation for the CNazoOH complex is 3-5 times greater than for the HazoOH 

complex only when the degrees of complexation with P4VP are greater than about 35%, which is 

also the minimum degree of complexation required to have LC order, whereas the two complexes 

have similar maximum orientation and orientation stability for lower degrees of complexation 

where both are amorphous and lack significant azo-azo interactions.31,53 It is also noteworthy that 

there appears to be a correlation between the relative <P2>res after thermal relaxation and the dipole 

moment, µ, calculated by DFT for the azos of the H-bonded complexes. Notably, the relative 

<P2>res increases from ~10% for HazoOH (µ = 1.6 D) to ~50% for DMAazoOH (3.8 D) to ~75% 

for CNazoOH (6.8 D). Furthermore, while the dipole moment of azoSO3 cannot be calculated with 

confidence due to its ionic nature, the fact that this system provides the largest <P2>res (80%) is 

consistent with an expected high dipole moment. The importance of LC order, and azo-azo 

interactions in particular, can be understood in terms of a cooperative effect in the AR process,1 

notably that AR can involve the concerted reorientation of many azo groups together as a 

consequence of those interactions. The length scale of cooperative reorientation likely depends, 

among other factors, on the azo-azo interaction strength or azo dipole moment as well as sample 

preparation method and thermal history, and may be associated with LC domains, noting however 

that these domains may be poorly defined in the i-bonded complexes with their SmA structure and 

especially intrinsically very high Tg. 

Interestingly, the parallels between the present results and ref 53 extend incompletely to 

the orientation of P4VP. In both cases, no P4VP orientation was observed for the isotropic H-

bonded complexes of DMAazoOH and HazoOH, related in ref 53 to the predominance of AHB in 

the azo photoorientation whereas significant AR was required to induce orientation in the passive 

P4VP side group. However, here we likewise observed no P4VP orientation for the ionic 

complexes, in contrast to the CNazoOH complex for which it was present. The absence of P4VP 

orientation in the ionic complexes despite an AR contribution that is similar to that for the 

CNazoOH complex may be related to the non-directionality of ionic bonds (though subject to steric 

factors not significantly increasing the ionic bonding distance). Consequently, as the azo groups 

reorient under irradiation, the pyridinium groups that follow the sulfonate groups when they move 

have significant positional latitude that may favor their maintaining isotropic conformation. In 
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contrast, the H-bond is directional, with the consequence that the VP segments try to orient with 

respect to the azo AR to maximize the H-bond strength, thereby resulting in some degree of VP 

orientation. This interpretation is supported by our previous observation of higher VP orientation 

when the azobenzene is complexed via a halogen (I) bond in the place of a hydrogen bond,48 

consistent with the still higher directional nature of the X-bond. It should be mentioned that, in 

refs 48 and 53, the orientation of the polymer was limited to the pyridine side groups and did not 

extend to the main (hydrocarbon) chain. It is also noteworthy that modest main chain orientation 

was observed for poly(Disperse Red 1 acrylate) despite its capability of creating SRGs with high 

diffraction efficiency51, 71 and that macroscopic mass transport was recently observed7 without any 

orientation under irradiation of a single beam of sufficiently high irradiance. 

The question now arises as to how the PM-IRSAS results concerning molecular-scale 

photoorientation can shed light on the macroscopic-scale SRG phenomenon, considering that 

molecular motion must underly macroscopic motion. It should be kept in mind, however, that the 

5- to 20-fold difference in irradiance used for the two sets of experiments must be taken into 

account. For example, with reference to Figure 2b, if the SRG inscriptions had been done at 20 

instead of 200 mW/cm2, they would not have shown a tendency towards a plateau even for the i-

bonded complexes, as found in ref 49. Nevertheless, it is possible to make certain correlations and 

to comment on several aspects. 

At the earliest stage of irradiation, the AHB process induces rapid trans-cis isomerization 

and an apparent orientation due to the angular selection (e.g. Figure 3a).63-65, 69 AR orientation 

may also develop rapidly at the high (100-400 mW/cm2) irradiance used for SRG inscription. 

Indeed, photoorientation studies on low molecular weight azomaterials at 100 mW/cm2 irradiance 

show that a plateau in <P2> is reached quickly and that it is difficult to separate the AHB and AR 

processes.72 These combined effects can explain the rapid rise in DE in the first few seconds of 

SRG inscription (e.g. Figure 2a) leading to the formation of bulk birefringence gratings. The much 

larger initial rise observed for the azoSO3/qP complexes compared to the azoOH/P complexes, is 

consistent with their higher <P2>max values. The higher cis fraction (20% vs. 14%), as well as a 

possibly larger difference in refractive index between the grating regions, may also contribute to 

the higher DE rise for the azoSO3/qP complexes. Moreover, the results of Figure S5 indicate a 

somewhat lower (higher) initial DE rise at lower (higher) irradiance, as expected. The absence of 

clear dependence of this initial DE rise on DP is qualitatively consistent with the similar 
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photoorientation results within each complex series. It is more speculative to draw quantitative 

correlations between the intensities of the AHB and AR processes and the fast DE rises, given the 

experimental uncertainties (both in the data acquisition and in the curve fitting), phase relations 

between the diffraction from these bulk birefringence gratings and the already forming SRGs, and 

the irradiance differences. Immediately after the irradiation is stopped, the thermal cis-to-trans 

relaxation partly reverses the effects of AHB that took place during photoorientation, resulting in 

a rapid rise in DE, consistent with the temporary nature of the bulk grating. 

The SRG inscription per se requires anisotropic macroscopic motion of the complexed azo 

and polymer, so that the PM-IRSAS observations must be transposed indirectly to the SRG 

conditions. It seems clear that the anisotropic macroscopic motion is made possible by the AR 

process since the azo reorientation relative to the impinging light polarization intrinsically involves 

molecular movement. This anisotropic motion can be associated with the impact of irradiation on 

the free volume in the system. Several studies have shown experimentally that photoinduced free 

volume plays a key role in light-induced motion in azomaterials and that the "photosoftened" 

material can be manipulated, for instance, through optical tweezers.12, 51, 73-74 A detailed model 

recently published by Sekkat provides a quantitative connection between the absorbed energy dose 

and the photoinduced decrease in relaxation time, analogous to the effect of temperature on non-

irradiated systems.8 Our group, in an infrared spectroscopy investigation, showed that the 

photoisomerization of the azobenzene under unpolarized light strongly perturbs the chemical 

environment around the azo, as expected, whereas it does not affect the chemical environment of 

molecular moieties located far from the azo such as the polymer chain in the case of a covalent 

sidechain azopolymer.54 This observation was associated with a submolecular-scale gradient of 

photoinduced free volume, which is the greatest around the azo and the least around the polymer 

main chain. When polarized light is used, the photogenerated free volume becomes anisotropic 

due to the azo orientation.8 This free volume is filled in again by the azo when it undergoes cis-

trans conversion and/or by neighboring molecules, including polymer segments. If the azo 

orientation is only of the AHB type, the anisotropic free volume is more likely to be filled by the 

azo that created it in the first place because the illumination drives both (fast) trans-cis and cis-

trans photochemical conversions. In this case, the more slowly moving neighboring azo molecules 

or polymer segments cannot occupy that free volume as effectively, thereby leading to lower SRG 

inscription efficiency. In contrast, the AR process occurs on a longer time scale, so that 
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neighboring azo molecules and polymer segments have the time to occupy the created free volume 

more efficiently. We believe it is this process of azo orientation followed by material movement 

to fill in the photoinduced anisotropic free volume in a directional manner, when repeated over 

multiple cycles, that enables anisotropic macroscopic motion. It can occur even if <P2> in the 

photoorientation curves has reached a (quasi-)plateau, as may well be the case for the ionic 

complexes at the irradiances used for SRG. The AR process is likely enhanced by the above-

mentioned cooperative effect that is greater the stronger the intermolecular interactions. 

Furthermore, although the macroscopic motion may involve polymer orientation, as found in ref 

53, the present work on the i-bonded complexes indicates that this is not a necessary corollary. 

The above discussion rationalizes the clear correlation between the much more efficient 

DE and the much larger AR contribution to photoorientation in the i-bonded complexes compared 

to the H-bonded complexes. On the other hand, this correlation does not hold as a function of DP. 

Here, the DEs are most efficient for the lowest DP and similar for the two higher DPs, whereas the 

AR contribution appears independent of DP for the H-bonded complexes and decreases roughly 

linearly with DP for the i-bonded complexes. This can be related to the different mobility length 

scales of AR and SRG inscription. Notably, AR is a more localized phenomenon, even though it 

can occur at a significantly larger scale than AHB due to the cooperative effect, whereas SRG is a 

macroscopic phenomenon involving long-range flow, i.e. the capacity of polymer chains to 

diffuse. This implies that the latter is much more dependent on the degree of polymer entanglement 

than the former. Thus, DP 41, being oligomeric, is too short to form an entangled network, whereas 

it is expected to be present for DPs 480 and 1900, which explains why DP 41 stands out in its SRG 

efficiency. Furthermore, the irradiance ranges used to drive photoorientation (AR and AHB) and 

SRG formation typically differ by an order of magnitude (including this study), indicating that 

driving the global mass transport of polymer chains requires significantly more accumulated 

energy than driving chromophore motion at the length scales required for efficient AR. In this 

connection, given that the AR contribution to photoorientation in the H-bonded complexes is low, 

the differences in this contribution as a function of DP may be too small to observe experimentally 

at the low irradiance used, but may become more obvious at the higher irradiances used for SRG 

inscription. There also appears to be an anomaly between the significant AR contribution for the 

CNazoOH complex in ref 53 (and discussed above) and the lack of significant SRG observed for 

this same complex in ref 31, which should be revisited. 



30 
 

From a more general perspective, the SRG writing efficiency and photoorientation depend 

on 1) the capacity of the azobenzenes to undergo AR and 2) the capacity of the complexed polymer 

(neighboring molecules and segments) to occupy the anisotropic free volume. As discussed earlier, 

the former increases with stronger azo-azo interactions, especially when a LC phase is formed 

such as for the CNazoOH and azoSO3 complexes. Increasing the irradiance enables more 

photoisomerization events per unit time and therefore faster SRG inscription kinetics and higher 

DE, at least until a plateau is reached. The second aspect is dependent on the intrinsic flexibility 

of the polymer, the Tg, the effective degree of entanglement (for SRG), etc. Moreover, 

photoorientation and SRG inscription is countered to some extent by simultaneously occurring 

relaxation processes, which are also affected by factors such as molecular flexibility, Tg and DP. 

For example, a lower Tg or greater molecular flexibility increases the capability of the azo to orient 

by making the matrix less resistant, but it also speeds up orientation relaxation, typically leading 

to lower plateau values for orientation.35, 48, 72 

Our previous work on azo-containing molecular glasses, which are devoid of 

entanglements and therefore present a more direct correlation between their molecular-scale and 

macroscopic-scale motions than azopolymers do, has shown that the saturated DE (reached in all 

cases) decreases when the matrix is too mobile, attributed to the competing effects of SRG 

inscription and relaxation.52 This led to a correlation between the saturated DE value and the 

resistance to orientation relaxation, as expressed by <P2>res values, in systems where the Tg of the 

matrix can be changed while maintaining fixed most other molecular and photochemical aspects.52, 

72 A relation between orientation stability and DE can also be found in the results of Zhang et al., 

where quaternized P4VP was complexed by ionic bonding to a series of azoSO3 analogues.35 

AzoSO3 derivatives with a small or rigid tail group (DMA, H or methyl) provided a remnant 

birefringence, a quantity related to <P2>res, of 95% or more. Consequently, these three complexes 

produced SRGs with a high DE that tended toward the same plateau. In contrast, the compound 

with a flexible n-hexyl tail had a lower remnant birefringence (~80%) and the DE of its grating 

was ~4 times lower, whereas the compound with a bulkier 2-methylbutyl tail showed intermediate 

behavior. A similar trend was found here for azoSO3/qPDP, but it is not possible to conclude in the 

case of azoOH/PDP because its slow inscription kinetics did not allow reaching saturated DE 

values. 
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In future research, it is of interest to pursue parallel investigations of SRG inscription and 

photoorientation by PM-IRSAS, and thereby determine additional relationships between DE and 

the AHB vs. AR processes. In particular, further insight is probable in studies comparing analogous 

complexes where both the H-bonded and i-bonded systems are disordered, and, on the contrary 

where both are LC, and this for low and high DP. It is also desirable to investigate both types of 

experiments at various irradiances including where at least some are identical for both 

experiments. Lower azo/(polymer repeat unit) ratios, particularly for a system such as the 

CNazoOH complex where LC character sets in above a certain ratio, and analogous all-covalent 

systems could be included in the comparisons.  

 

CONCLUSIONS 

Through a parallel investigation of macroscopic-scale SRG inscription and molecular-scale 

photoorientation by PM-IRSAS in supramolecular polymer complexes, we have determined some 

relationships governing the effects of the type of supramolecular bond and of the degree of 

polymerization. SRG inscription was found to be much more efficient for the ionically bonded (i-

bonded) complexes than for the H-bonded complexes studied. In both cases, the oligomeric 

complexes show significantly greater efficiency than the higher molecular weight polymeric 

complexes, although the highest molecular weight i-bonded complex still performs much better 

than the lowest molecular weight H-bonded complex. These results confirm and extend more 

partial SRG results from previous literature. The PM-IRSAS photoorientation and thermal 

relaxation data indicate that the azo molecules orient more in i-bonded than in H-bonded 

complexes. Notably, the maximum orientation parameter achieved during the photoorientation 

stage (<P2>max), which reached a plateau early on for the H-bonded complexes but continued to 

rise at the end of the irradiation period for the i-bonded complexes (especially for the lowest degree 

of polymerization), is about three times greater for the i-bonded complexes than for the H-bonded 

complexes. The thermal relaxation stage indicates that photoorientation in the i-bonded complexes 

is more stable than in the H-bonded complexes (<P2>res about 80-90% vs. 50%).  

The kinetics of photoorientation were analyzed by fitting the curves with a biexponential 

function, from which a fast AHB component and a slow AR component were extracted. These 

indicate that AHB is the dominant factor at close to 90% in the H-bonded complexes while AR 
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contributes about 50-70% (decreasing with DP) to photoorientation in the i-bonded complexes. 

During thermal relaxation, inverse AHB is predominant, while AR is largely inhibited by the high 

Tg’s. By comparison with similar PM-IRSAS data for an analogous H-bonded complex, it was 

determined that the strong intermolecular azo-azo interactions leading to a liquid crystal structure, 

rather than the ionic nature of the supramolecular bond or the particularly high Tg of the i-bonded 

complex, is critical to the photoorientation and relaxation behavior in the i-bonded complex. 

Furthermore, the presence of significant AR is essential to efficient SRG inscription, at least for 

the contrarotating circularly polarized (LCP-RCP) patterned irradiation used here. Moreover, the 

AR process may or may not involve polymer sidegroup orientation. On the other hand, the 

increasing AR contribution with polymer molecular weight for the i-bonded complexes and its 

apparent invariance for the H-bonded complexes is not reflected in the SRG curves, which can be 

rationalized by polymer chain entanglement that hinders long-range polymer motion in the SRG 

process but to a lesser extent in the shorter length scale motion in AR.  

Thus, on a molecular level the inscribed SRG’s are the culmination of multiple AR steps, 

where each step involves the creation of anisotropic free volume to which the neighboring 

molecules and polymer segments adapt. This process is enhanced by strong azo-azo interactions, 

as typically present in LC systems, leading to cooperative AR motion. These findings help 

elucidate the effect of the nature and the strength of the supramolecular interaction as well as the 

effect of polymer molecular weight on the photoinduced motions (molecular and macroscopic) of 

azobenzene-containing polymers. These insights are expected to be of benefit to the design of more 

efficient photoresponsive materials or optical devices.  
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