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ABSTRACT: To optimize azobenzene-containing materials for applications such as 

rewritable waveguides and holographic data storage, it is imperative to understand the effect 

of the azobenzene structure on the photoresponse of the material. Supramolecular materials, 

in which a complexed photoactive azobenzene controls the motion or other properties of a 

passive polymer, are uniquely convenient for studying the impact of specific chemical 

modifications. Here, we use polarization modulation infrared structural absorbance 

spectroscopy (PM-IRSAS) to hydrogen-bonded supramolecular azobenzene complexes 

using poly(4-vinylpyridine) (P4VP) as a model polymer. We show that changing the tail 

group from hydrogen (AH) to cyano (ACN) induces greater angular redistribution of the 

chromophores and, remarkably, provokes P4VP pyridine ring orientation. Increasing the 

degree of complexation decreases the saturated orientation of both AH and ACN, whereas for 

P4VP/ACN it increases the pyridine orientation as well as the orientation stability of both 

components. These results explain the contrasting photoinduced birefringence behavior 

previously observed for these complexes and identify azo-azo intermolecular interactions as 

the main reason. To our knowledge, this is the first molecular-level spectroscopic analysis of 

the contrasting contributions of azobenzenes to the photo-orientation of supramolecular 

azopolymer complexes and the first report of the large impact of small molecular changes on 

the capacity of azo dyes to transfer light-induced orientation to a photopassive polymer. 
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INTRODUCTION 
 

Azobenzene and its derivatives (collectively abbreviated as azo) undergo 

photoisomerization between trans and cis isomers upon irradiation, a clean and efficient 

photoreaction that gives rise to various useful phenomena.1, 2 Among these phenomena, azo 

molecules that are illuminated with linearly polarized light tend to align with their long axis 

perpendicular to the polarization of the incident light. This photoinduced orientation is of 

interest for many optoelectronic and photonic applications, such as surface commanding of 

liquid crystal displays,3 waveguide couplers,4, 5 and rewritable holographic data storage.6, 7 

Macroscopic motion can also be induced by light in azo-containing materials,1, 8, 9 enabling 

the design of photosensitive devices like artificial muscles10 and light-driven motors.11 

The majority of azopolymers that have been investigated to date have the azo groups 

covalently bonded in the main chain,12, 13 as side chains,1, 5-11 or even as crosslinks between 

chains.9, 11 More recently, supramolecular azo-containing polymers – particularly where an 

azo molecule is non-covalently attached as an effective side chain to a photopassive polymer 

host – have been gaining increased attention due to their more easily tailorable material 

properties and their simpler preparation procedure as compared to the synthesis required for 

all-covalent polymers. Such complexes have been shown to be efficient in developing photo-

orientation, typically measured as photoinduced birefringence (PIB), as well as in forming 

surface relief gratings (SRGs), using supramolecular ionic,14-19 hydrogen20-26 and halogen27-

29 bonds. In many cases, the passive polymer host employed is poly(4-vinylpyridine) 

(P4VP).16-21, 23-29 

Various studies have revealed that the chemical structure and the content of the 

supramolecularly attached azo have significant impact on the measured PIB23-25, 30 and on 

SRG formation efficiency.20-22 For example, the saturated PIB per azobenzene unit of 

hydrogen-bonded P4VP-azo complexes, where the azos used differ only by the nature of its 

tail group (Scheme 1), increases by more than a factor of 2 when increasing azo content for 

the cyano-tailed azo (CN-tailed or ACN), whereas it decreases by up to a factor of 2 for the 

hydrogen-tailed azo (H-tailed or AH).25  
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Scheme 1. Supramolecular complexes of poly(4-vinylpyridine) (P4VP) with 4-

phenylazophenol (AH, R = H) and 4-hydroxy-4'-cyanoazobenzene (ACN, R = CN). 

 
To better understand the contrasting photo-orientation behavior in such chemically 

similar systems, it is desirable to determine the orientation of individual molecular groups, 

as opposed to the overall orientation determined by birefringence. This can be done by using 

polarized Fourier transform infrared spectroscopy (FT-IR) techniques because they allow 

measuring orientation of specific chemical moieties. Static polarized FT-IR has been applied 

to polymers that are covalently bonded31-37 or doped38-40 with azobenzenes, but its limited 

time resolution only allows the kinetics of slow processes to be followed. Buffeteau and 

Pézolet were the first to use polarization modulation infrared linear dichroism (PM-IRLD), 

a polarized FT-IR method enabling a time resolution as high as 200 ms,41, 42 to probe the 

time-resolved photo-orientation of a Disperse Red 1-containing amorphous azopolymer.43 A 

shortcoming of PM-IRLD, however, is that it only measures the dichroic difference (A) 

between the spectra polarized parallel (Ap) and perpendicular (As) to the laser polarization 

direction, so that the structural absorbance (A0) information is missing. Liang et al. later 

developed a related FT-IR method, called polarization modulation infrared structural 

absorbance spectroscopy (PM-IRSAS), to overcome this limitation and to improve the 

accuracy of the calculated orientation parameters.44 

Here, we employ PM-IRSAS to follow the photo-orientation induced by linearly 

polarized light and its subsequent thermal relaxation in the two H-bonded supramolecular 

complexes mentioned above (ACN and AH with P4VP) and depicted in Scheme 1. We will 

show that the orientation of both AH and ACN decreases with increasing azo content but that 

ACN orients more than AH and is the only one capable of driving photo-induced orientation 
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of the passive P4VP pyridine groups through the hydrogen bonds. In addition, we will show 

that AH mainly undergoes angular hole burning, which results from the trans-cis 

isomerization, whereas for ACN there is a significant additional contribution from angular 

redistribution that leads to reorientation of the trans ACN and of their H-bonded pyridine side 

groups as well as to increased thermal stability of the orientation. This information explains 

how the differences in tail group of the azo leads to different photo-orientation mechanisms 

and thus the contrasting birefringence results in ref. 25. 

 
EXPERIMENTAL 
 

Materials and Sample Preparation.  Poly(4-vinylpyridine) (P4VP) with a viscosity 

average molecular weight of 200 kg/mol was obtained from Scientific Polymer Products. 4-

Phenylazophenol (AH, 97%) was purchased from Sigma-Aldrich and 4-hydroxyl-4’-

cyanoazobenzene (ACN) from Beamco. Chloroform (CHCl3, HPLC grade) and N,N-

dimethylformamide (DMF, 99.8%) were purchased from EMD and methanol (MeOH, HPLC 

grade) from Fisher Scientific. All products were used as received. 

P4VP was dissolved, with or without azobenzene, in pure CHCl3 (for the most dilute 

solutions), in a mixed solvent of CHCl3 and MeOH (for more concentrated solutions, for 

which the addition of MeOH facilitated solubilization), or in pure DMF (for UV-visible and 

birefringence measurements) in 10 mL vials to give solutions of desired concentrations and 

P4VP-azobenzene compositions. The solutions in the CHCl3/MeOH solvent mixture were 

prepared by first mixing the solvents at a 6:1 CHCl3:MeOH mass ratio, which was then added 

to the solute, followed by homogenization for 2 min in an ultrasonic bath (Fisher Scientific 

FS60). All solutions were shaken gently for 3 days with a Heidolph UNIMAX 1010 shaker 

(Rose Scientific) to obtain homogeneous samples and were left for 1 day before further use. 

The composition of the complexes is indicated as P4VP/AH(FA) and P4VP/ACN(FA), where 

FA refers to the mole percent of azobenzene molecules relative to the pyridine rings of P4VP. 

These values, unless otherwise noted, were determined by FT-IR with reference to precisely 

determined calibration curves (described in detail in section A of the Supporting Information). 



 

 5

They generally corresponded well (within experimental uncertainty) to the nominal values 

determined by the measured weights of the components before dissolution. 

For static FT-IR characterization, samples were prepared by casting 5 L solutions of 

P4VP/AH or P4VP/ACN in CHCl3, with a P4VP concentration of 0.1-0.5 wt%, on BaF2 

windows, followed by drying in a FTS Systems FD-3-85A-MP freeze-dryer at 1-3 mT and -

90 oC for 15-30 min and then drying under Petri dish covers in a fume hood for 3 days. For 

PM-IRSAS measurements, samples were prepared by casting 50 L solutions of P4VP/AH 

or P4VP/ACN in CHCl3/MeOH (6:1 CHCl3:MeOH w:w), at 1 wt% P4VP concentration, on 

BaF2 windows, followed by freeze-drying for 15-30 min and then drying in a fume hood for 

5 days. 

For UV-vis spectroscopy experiments, the samples were spin-coated from DMF solutions 

of 2-3 wt% P4VP concentration on glass substrates cleaned by acetone using varying spin-

coating speeds (750 rpm – 2500 rpm) to give films of comparable optical density at 488 nm, 

following which the samples were dried in a fume hood for 24 h. For photoinduced 

birefringence measurements, the samples were spin-coated from DMF solutions on quartz 

substrates using speeds of 750-2500 rpm to have a fixed absorbance at 457 nm, followed by 

drying at 70 oC for 24 h.25 

Measurements.  Static FT-IR measurements were performed on a Bruker Optics Vertex 

70 spectrometer with a deuterated L-alanine triglycine sulfate (DLATGS) detector. All 

spectra were obtained with a resolution of 4 cm-1 by averaging 512 scans. PM-IRSAS 

measurements were recorded with the same spectrometer and the external setup shown in 

Scheme 2. The optical setup includes a vertically-polarized 488 nm diode laser (JDSU 

FCD488-020) with a beam diameter of 0.7 mm expanded to 7 mm, using a 10X beam 

expander (Thorlabs BE10M), to fully cover the IR probe beam and illuminate the sample 

with an irradiance of ~20 mW/cm2. This irradiation wavelength can be absorbed by the trans 

and cis isomers of both ACN and AH and therefore allows the rapid trans-cis-trans cycling 

required to photo-orient the materials.16 The PM-IRSAS setup includes a liquid-nitrogen-

cooled mercury cadmium telluride (MCT) photovoltaic detector (Kolmar Technologies), two 

ZnSe lenses, a KRS-5 wire-grid polarizer (Optometrics), and a photoelastic modulator (PEM-
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90 type II/ZS50, Hinds Instruments) operating at 100 kHz. The detected signal was processed 

using a lock-in amplifier (Stanford Research Systems, SR830) with a 30-s time constant 

and two dual-channel electronic filters (Frequency Devices, 90TP/90IPB) to generate the 

dichroic difference (A) and the individual polarized spectra (Ap and As), following the 

method described by Liang et al.44 

 

 
 

Scheme 2. Experimental setup for the in-situ polarization modulation infrared structural 

absorbance spectroscopy (PM-IRSAS) study of the photo-orientation of supramolecular 

azobenzene-containing P4VP complexes. 

 

PM-IRSAS spectra were recorded for 1800 s during irradiation of samples and for 1600 

s during subsequent thermal relaxation. All spectra were obtained with a resolution of 4 cm-

1 by averaging 400 scans for the initial state, 20 scans per spectrum for the first 1 min of 

illumination (laser on) and relaxation (laser off) processes where the changes in orientation 

are rapid, and 320 scans per spectrum for the slower photostationary/residual relaxation 

stages.The size of the samples for PM-IRSAS measurements was generally greater than 10 

mm in diameter, much larger than that of the IR beam (~1 mm), which could thus always be 
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positioned so as to avoid the thicker edges of the samples. The variability in the local 

chemical composition (FA) was determined for selected compositions from measurements of 

2-3 different samples cast from the same solution; this is shown by the error bars in Figure 

S2. The orientation parameter (<P2>) was calculated using Eq. 1,  
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where A is the dichroic difference, A0 = (Ap + 2As)/3 is the structural absorbance, and is 

the angle between the transition dipole moment of the vibration and the molecular axis of 

interest. Eq. 1 assumes that the orientation is uniaxial with respect to the laser polarization 

direction, which is expected to be the case considering the low <P2> values reached in this 

work.45 

The UV-vis measurements were performed with a fiber-coupled spectrometer (Ocean 

Optics, USB 2000+) and a DH-mini light source, combined with the linearly polarized 488 

nm laser to pump the azobenzenes for 5 min. A clean glass substrate was used as the reference. 

Birefringence was induced by a vertically polarized 457 nm laser beam with an irradiance of 

150 mW/cm2. Saturated birefringence values were obtained after 75-150 s of irradiation and 

the residual birefringence values were determined 300 s after removal of irradiation (see ref. 

25 for additional details). Density functional theory (DFT) calculations were performed using 

the Gaussian 16 software with the B3LYP functional and the 6-311+G(d,p) basis set. 

 
RESULTS AND DISCUSSION 
 

Before presenting the polarized IR spectroscopy results of photoinduced orientation and 

relaxation for specific moieties in the P4VP/ACN and P4VP/AH azopolymer complexes, we 

determined the extent of their complexation and trans-cis conversion under illumination to 

verify if there are any differences in the two series that might account, at least in part, for 

their contrasting photo-orientation behavior reported in ref. 25. 

Quantification of the Extent of Complexation.  Hydrogen bonding between the 

polymer pyridine groups and the azobenzene hydroxyl groups was confirmed by IR, as 
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shown in Figure 1. In particular, the band at 993 cm-1 in the spectrum of pure P4VP, which 

is due to a deformation vibration of the free pyridine ring, is known to shift to higher 

frequency upon interaction with H-bond donors.46 This is observed in the spectra of the P4VP 

complexes with both AH and ACN, where a new band appears at 1010 cm-1. The fact that the 

position of this band is identical for both complexes indicates that the hydrogen bond strength 

is similar for both. The band intensity increases with increase in mole percent of azobenzene 

relative to the P4VP repeat units (FA) due to increased H-bonding complexation. However, 

the 993 cm-1 band remains slightly visible even for the equimolar mixtures, indicating that 

the level of complexation is very high but not quite complete, as discussed in more detail 

below. 

The extent of complexation (fb), expressed in terms of the percentage of the pyridine rings 

that are H-bonded, was calculated by Eq. 2,  
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where If and Ib are the intensities of the free and H-bonded pyridine bands at 993 and 1010 

cm-1, respectively, and a is the ratio of their absorption coefficients. Because of partial 

overlap between the P4VP bands and bands due to the azobenzene (for example, the AH band 

at 1019 cm-1), a second-derivative method was used to obtain Ib and If. The parameter a in 

Eq. 2 was determined as 0.39 and 0.35 for P4VP/ACN and P4VP/AH, respectively, following 

a method we developed previously.46 Details concerning the determination of fb are provided 

in the Supporting Information (section B) and the values are plotted in Figure 2 as a function 

of FA. 

 



 

 9

1030 1020 1010 1000 990 980 970 960

A
bs

or
ba

nc
e 

(A
.U

.)

  

 

ACN

P4VP/ACN(60%)

P4VP/ACN(35%)

Wavenumber (cm-1)

P4VP

1010 cm-1
993 cm-1

P4VP/ACN(100%)

(a)

 

1030 1020 1010 1000 990 980 970 960

A
bs

or
ba

n
ce

 (
A

.U
.)

(b)

1019 cm-1

1021 cm-1

999 cm-1

  

 

AH

P4VP/AH(80%)

P4VP/AH(30%)

Wavenumber (cm-1)

P4VP

1010 cm-1
993 cm-1

P4VP/AH(100%)

 
 

Figure 1. Infrared spectra of a pure P4VP film, of the pure azobenzene crystalline powder, 

and of drop-cast films of the P4VP complexes containing (a) ACN and (b) AH of the 

approximate azo mole percentages with respect to the pyridine units (FA) indicated. The azo-

containing spectra were normalized with respect to the 1140 cm-1 azo band. 
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Figure 2 shows that fb increases with FA similarly for both complexes. Although the 

degree of complexation of the chromophores to P4VP is high, this plot indicates that, on 

average, it is about 20% below that expected from full complexation (indicated by the dashed 

line). If not due to a hidden systematic error, this suggests that there is some kind of kinetic 

limitation to OH-pyridine complexation that might reflect a solution equilibrium involving 

hydrogen bonding between azo and solvent that is not fully reequilibrated in the film due to 

rapid solvent evaporation and restricted P4VP chain mobility (considering the Tg of 142 °C 

for pure P4VP).25, 46, 47 Most importantly, the different chemical structures of P4VP/AH and 

P4VP/ACN clearly do not affect the extent of complexation, excluding it as the origin of their 

contrasting photo-orientation behavior mentioned in the Introduction.24, 25 
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Figure 2. Percentage of H-bonded pyridine rings, fb, as a function of mole percent 

azobenzene relative to pyridine, FA, for P4VP/ACN and P4VP/AH complexes. The dashed line 

depicts the theoretical values for full complexation of the azobenzenes to P4VP. 

Representative error bars are based on measurements of 3 samples per point. 

 

Trans/Cis Content under Illumination.  Figure 3 shows the UV-vis spectra of 

P4VP/ACN and P4VP/AH films with different FA before and immediately after 5 min of 

irradiation with 488 nm light. The spectra feature an intense band attributed to -
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absorption of the trans isomer.35, 48 The maximum absorption (max) is located at 377 nm 

for P4VP/ACN films and 360 nm for P4VP/AH films with low FA (less than 10%), where azo-

azo interactions are expected to be limited. These band positions are indeed similar to those 

measured for the pure azos in dilute DMF solutions.25 The band shifts to lower wavelengths 

with increasing FA (as indicated by the arrows), indicating increased chromophore excitonic 

coupling and -interactions in the complexes with higher FA.49 The effect of FA is 

significantly greater for P4VP/ACN (blue shift of about 28 nm) than for P4VP/AH (about 11 

nm), which is consistent with the much higher dipole moment calculated for ACN (6.8 D) 

compared to AH (1.6 D) and indicates stronger intermolecular interactions between the ACN. 

The latter also lead to a liquid crystalline state for P4VP/ACN when FA is greater than about 

35%, whereas P4VP/AH remains isotropic (non birefringent) even for 100% FA.25 

During irradiation with 488 nm light, the intensity of the - band decreases for both 

P4VP/ACN and P4VP/AH (dashed spectra) with no change in max, indicating that trans-cis 

isomerization occurs and that the chromophore-chromophore interactions of azos remaining 

in the trans state are not affected by the isomerization.35, 48 After 5 min of illumination, the 

n-absorption of the cis isomer appears as a very weak band near 460 nm for P4VP/AH
50 

and near 480 nm for P4VP/ACN. The decrease in intensity of the- bands after illumination 

can be used to calculate the loss of trans isomer, and thus minimal cis isomer values, which 

for both complexes are 6-7% when FA is 100% and 11-13% when FA is less than 10% (see 

Figure S6 in section C of the Supporting Information). The decrease in photoisomerization 

efficiency at higher FA is related to decreased free volume around the azobenzene molecules. 

Most importantly, Figure S6 further shows that the trans isomer content after illumination is 

almost identical for both complexes, thus also eliminating this factor as an explanation for 

their contrasting photoresponse. 
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Figure 3. Normalized UV-Vis spectra of (a) P4VP/ACN and (b) P4VP/AH with the specified 

nominal FA, before irradiation (0 min, solid lines) and after 5 min of irradiation (dashed lines). 

 

Polarized Infrared Spectral Analysis.  Figure 4 shows the dichroic difference (A) and 

the structural absorbance (A0) infrared spectra of the two types of complexes (FA = 100%) 

after 1800 s of irradiation, in comparison with the spectra of the pure components. Many 

negative bands appear in the A spectra, indicating that the groups associated with these 

bands have undergone photo-orientation and that their transition dipole moments are oriented 

perpendicularly to the laser polarization. To compare the photo-orientation of the azo and 

polymer, the orientation parameter, <P2>, of appropriate bands must be quantified using Eq. 

1. Ideally, the selected bands should be isolated in both the A0 and A spectra to avoid 

contributions from more than one component. In addition, they should be of sufficient 

intensity to provide an acceptable signal-to-noise ratio for dynamic studies. 
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Figure 4. Infrared structural absorbance spectra (A0 for all unspecified curves) and dichroic 

difference spectra (A) of (a) P4VP/ACN(100%) and (b) P4VP/AH(100%) after 1800 s of 

irradiation. The spectra of pure P4VP powder (black) and pure azobenzene crystalline 

powders (blue for ACN and red for AH) are shown to highlight the isolated bands used for 

quantifying the molecular orientation. 
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For the azo, the bands at 1137 and 1139 cm-1 for ACN and AH, respectively, which are 

assigned to a symmetric C-N stretching mode of the azobenzene group,51, 52 are good choices. 

In addition, the well isolated C≡N stretching band at 2241 cm-1 was used to validate the azo 

orientation in P4VP/ACN.53 The significant shift of this band to 2226 cm-1 in P4VP/ACN is 

attributed to the loss of the intermolecular OH-CN H-bonding present in the crystal form of 

pure ACN,54 which is replaced by OH-P4VP H-bonding in the complex. Indeed, our DFT 

calculations for ACN dimers indicate a 12 cm-1 shift toward lower wavenumbers for the C≡N 

stretching band of the free nitrile compared to the H-bonded nitrile, consistent with the 

experimental observation. The reappearance of a weak 2241 cm-1 band for FA near 100% is 

indicative of a small amount of uncomplexed crystallized ACN. This does not exclude that 

there is also some uncomplexed ACN that is non-crystallized (i.e. simply dispersed or solvated 

throughout the complex matrix, as suggested by the results of Figure 2). No indication of 

such aggregation at high FA was found in the P4VP/AH system, although it is pointed out that 

there is no IR band for AH that is as sensitive a marker as the CN stretching band for ACN. 

For P4VP, the band at 1068 cm-1, assigned to a deformation of the pyridine ring,46 is well 

isolated from azobenzene bands in the A0 spectra of the two complexes. In the A spectra, it 

is clearly visible for P4VP/ACN but not for P4VP/AH, indicating pyridine orientation only for 

the former. The 1010 cm-1 band for H-bonded pyridine rings also shows negative dichroism 

for P4VP/ACN only. It should be added that bands associated with the P4VP main chain do 

not show clear evidence of orientation in the A spectra, suggesting that only the pyridine 

side groups orient under irradiation. This is consistent with the lack of (or very small) 

orientation of the polymer backbone for other P4VP/azo complexes55 and for azopolymers 

with the azobenzene in covalently bonded side chains.41 

For the selected azobenzene bands, the transition dipole moment of the vibration is 

parallel to the long axis of the azobenzene moiety, based on DFT calculations, so that 

0°when using Eq. 1 to calculate <P2>. For the P4VP bands, 0°was also used because 

calculations indicate that their transition dipole moment lies along the principal (N-C4) axis 
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of the pyridine ring. As a consequence, the pyridine groups tend to orient approximately 

parallel to the H-bonded azobenzene, as represented in Scheme 1 for an idealized case. 

Photoinduced Orientation and Thermal Relaxation.  Figure 5 displays plots of <P2> 

vs. time for the above-mentioned bands of P4VP/AH(100%) and P4VP/ACN(100%) during a 

1800-s stage of photo-orientation under irradiation, where <P2> becomes increasingly 

negative (negative because the orientation is perpendicular to the laser polarization direction), 

followed by a 1600-s stage of thermal relaxation upon cessation of irradiation, where the 

orientation decreases. The curves for both stages can be fitted by a biexponential function 

describing a fast and a slow process (see section D of the Supporting Information).56-59 Curve-

fitting of the photo-orientation kinetics indicates that, for both complexes at all FA, the time 

constant of the fast process is on the order of 15-30 s, while the slow process is more than an 

order of magnitude slower. The fast orientation process is generally ascribed to angular hole 

burning (AHB) of the trans isomers and the slow process is associated with their angular 

redistribution (AR).57, 58 AHB is due to the rapid depletion of trans isomers with initial 

orientation along the laser polarization direction when isomerized to the cis form,60-62 while 

AR, sometimes called orientational redistribution,63 involves progressive reorientation of the 

long axis of the chromophores perpendicular to the laser polarization direction during 

repeated trans-cis-trans cycles.60-62, 64 AR is made possible by photoinduced rotational 

diffusion (RD),65-67 which is strongly influenced by the lateral azo-azo interactions65 as well 

as internal molecular motions of the chromophore,68 such as bond torsion, rotation and 

bending.69, 70 In the relaxation process, the fast and slow processes can be associated with the 

rapid thermal isomerization of the cis isomers back to trans conformation and to the much 

slower thermal RD of the oriented trans isomers toward the isotropic state, respectively. 
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Figure 5. Photoinduced orientation (<P2>) as a function of time during orientation (laser on) 

and thermal relaxation (laser off) for different bands of P4VP/ACN(100%) and 

P4VP/AH(100%). 

 

Figure 5 shows that, for the P4VP/ACN complexes, the photo-orientation and residual 

orientation (after relaxation) are very similar for the two selected azobenzene bands and for 

the two selected polymer bands during the whole process. This similarity was observed for 

all of the P4VP/ACN with different FA; therefore, only the bands around 1068 cm-1 for P4VP 

and 1140 cm-1 for ACN will be shown in the following figures and discussed. Regarding the 

P4VP bands, it is of interest to mention that their similarity in the complexes with moderate 

FA (especially around 50%) indicates that there is no detectable difference in orientation 

between H-bonded and non H-bonded pyridines (the 1010 cm-1 band being for H-bonded 

pyridine only, and the 1068 cm-1 band for all pyridine whether H-bonded or not). Possibly, 

this can be rationalized by there being enough hopping of ACN between pyridine groups 

during the long irradiation to "homogenize" the pyridine orientation. However, we believe 

that it is more likely that the orientation of pyridine does not proceed directly through pulling 

of the pyridine groups via the H-bond (which implies relatively long H-bond lifetimes), but 

rather by adapting to the reorientation of the azo via AR leaving behind anisotropic free 

volume. 
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For the 100% complexes, it can be clearly observed in Figure 5 that the azobenzene bands 

have higher maximum and residual <P2> values than the pyridine bands for both systems, in 

particular for the P4VP/AH(100%) system where the pyridine rings barely orient. 

Azobenzene photoisomerization is therefore only partly efficient in reorienting the pyridine 

rings, in addition to appearing incapable of inducing main-chain orientation as mentioned 

above. This is in line with the sharp difference in their ability to generate photoinduced 

birefringence upon illumination.25 The difference is also observed in the shape of the photo-

orientation and relaxation curves, where the relative importance of the fast and slow 

processes depends on the specific system and on the azo content.56-59 For high FA, such as 

shown in Figure 5, the orientation of AH is dominated by the fast AHB process, leading to a 

quasi-plateau at long irradiation times. In contrast, the slow AR process is dominant for ACN 

and no sign of saturation of the orientation can be observed during the 1800-s period of 

irradiation. More quantitatively, curve fitting to a biexponential function indicates that the 

slow AR process is responsible for approx. 65% of the orientation reached at 1800 s by ACN 

but for less than 10% by AH (see Figure S7 in section D of the Supporting Information). It 

should be noted that the intensity of the orienting light was significantly lower here than in 

ref. 25, thus making the AR process slower, but the relative differences between the two 

material systems should not be affected. 

The influence of the degree of complexation on orientation is depicted in Figure 6, which 

plots the maximum <P2> values, <P2>max, measured for the azo and pyridine components 

after 1800 s of irradiation, as well as their residual orientation, <P2>res, expressed as the 

percentage of the residual <P2> after 1600 s of thermal relaxation relative to <P2>max, as a 

function of FA. For AH (Figure 6a), <P2>max decreases exponentially with increasing FA and 

tends toward a value of 0, indicating very little or no photoinduced orientation when FA 

becomes high. The orientation of ACN also decreases with increasing FA, but much more 

gradually and with greater scatter. Interestingly, <P2>max for the azobenzene is similar for 

both complexes when FA is below 4%, that is when the azobenzene molecules are well 

isolated from one another according to their UV-vis spectra and both materials are amorphous, 

whereas it is about 4 times higher for ACN than for AH when FA is above 35%, i.e. when liquid 
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crystallinity is observed for P4VP/ACN.25 This is also consistent with their similar AR 

fractions at low FA and very different AR fractions at high FA (Figure S7a). 
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Figure 6. Maximum <P2> as a function of FA for (a) the azobenzene group and (b) the P4VP 

pyridine rings in the P4VP/ACN and P4VP/AH complexes after 1800 s of irradiation and (c) 

the residual orientation as a function of FA for ACN and P4VP in the P4VP/ACN complex and 

for AH in the P4VP/AH complex. The residual orientation, <P2>res, is expressed as the 

percentage of the residual <P2> after 1600 s of thermal relaxation relative to <P2>max. The 

solid lines represent least-square fits of the data. 

 

For pyridine (Figure 6b), <P2>max in P4VP/ACN increases roughly linearly with FA, 

contrasting with the decreasing trend observed for ACN in this complex. This implies that, 

although the orientation per azo unit decreases with increasing FA, their cumulative effect on 

the polymer increases with ACN content. On the other hand, for P4VP/AH, the <P2>max 

measured for P4VP is essentially zero for all FA, showing the inability of AH to orient the 

photopassive polymer even at the highest complexation degree. 

The difference in the photo-response of ACN and AH is also clear in their residual 

orientation, <P2>res, as a function of FA (Figure 6c). The <P2>res of ACN follows the same 

trend as that of pyridine in P4VP/ACN, increasing from about 40% to about 80% with 

increasing FA. In contrast, the <P2>res of AH shows the opposite trend, with the highest value 

(40%) at very low FA and the lowest (close to 0%) when FA is 100%. The residual orientation 
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of the pyridine rings in P4VP/AH is meaningless since they barely orient (Figure 6b). 

Furthermore, like for <P2>max (Figure 6a), the <P2>res values are very similar for ACN and AH 

at low FA. The kinetics of their photo-orientation and relaxation are also very similar for low 

FA, both in terms of time constants and relative amplitudes of the fast AHB and slow AR 

processes (Figure S7). In addition, the capacity of ACN and AH to orient the pyridine rings 

(Figure 6b) tends toward the same value, near zero, when FA is very low. These various 

observations indicate that the photoresponse of the two complexes is very similar when the 

chromophores are well isolated but diverges with increasing degree of complexation as 

intermolecular interactions among the azo molecules, which are much stronger for ACN (with 

consequent liquid crystallinity), develop. 

Comparison with Photoinduced Birefringence.  Because infrared analysis provides 

detailed information on the photoresponse of different components in the system, as opposed 

to only the average orientation of the system as a whole for birefringence, the results of Figure 

6 help understand the saturated PIB results in Figure 3a of Vapaavuori et al.25 As mentioned 

in the Introduction, the birefringence values, when normalized per azo molecule, were found 

to more than double with increasing FA for P4VP/ACN but to decrease by more than a factor 

of 2 for P4VP/AH. For P4VP/AH, IR shows no measurable pyridine orientation (Figure 6b), 

indicating that PIB originates only from the photo-orientation of AH, which is indeed shown 

in Figure 6a to decrease gradually with increasing FA. In contrast, the increasing PIB per azo 

for P4VP/ACN is the result of two opposing factors when increasing FA: a decrease in ACN 

orientation (Figure 6a) and an increase in pyridine orientation (Figure 6b). It can thus be 

concluded that the enhanced birefringence per azo for P4VP/ACN in ref. 25 is in fact due to 

the P4VP pyridine orientation and not due to higher orientation of the azo molecules 

themselves. To complement the data given in Figure 3a of ref. 25, the corresponding absolute 

birefringence values, not normalized per azo, are shown in Figure S8a (section E in the 

Supporting Information), where it can be observed that they increase with increasing FA for 

both complexes due to the increasing number density of azo molecules in the samples, but 

much more for the P4VP/ACN complex. This is again consistent with Figure 6a and 6b, where 



 

 21

ACN orients much more than AH, in addition to the important fact that only ACN leads to 

pyridine orientation. 

In addition, it is of interest to compare the residual birefringence data, not included in ref. 

25 but presented in Figure S8b, with the <P2>res measured by IR in Figure 6c. For both 

complexes and using both techniques, the values are 40-50% at low FA. The residual 

birefringence values then increase for P4VP/ACN and decrease for P4VP/AH with increasing 

FA. These contrasting trends are consistent with the PM-IRSAS results in Figure 6c, in that 

the residual photo-orientation of ACN and pyridine both increase with increasing FA and 

contribute to the residual birefringence of P4VP/ACN, whereas only the decreasing <P2>res of 

AH determines the residual birefringence of P4VP/AH. 

Kinetics Revealed by the Polarized Absorbances and Implications.  As mentioned 

earlier (Figure 5 and Figure S7), the photoinduced orientation and the thermal relaxation 

curves of both complexes show the typical biexponential kinetics indicative of a fast and a 

slow process, where the relative importance of the processes depends on the azo content and 

the nature of the azo chromophore.56-59 To explore this aspect in greater depth, we turn to the 

unique advantage of PM-IRSAS of simultaneously recording spectra in the two orthogonal 

polarizations in addition to the <P2> values. Figure 7 shows the evolution of the normalized 

absorbance of the trans azobenzene band at 1140 cm-1 for the IR beam polarized parallel (Ap) 

and perpendicular (As) to the laser polarization during photo-orientation and thermal 

relaxation. We will focus first on the photo-orientation kinetics. For both complexes, Ap and 

As drop steeply at the earliest stage of illumination, indicating a rapid depletion of the trans 

isomer with a characteristic time on the order of 7-15 s, which is consistent with the time 

constant of the fast process obtained by fitting the photo-orientation curves in Figure 5. The 

decrease is more pronounced for Ap than for As (their difference being directly proportional 

to the <P2> values). This provides additional support to the assignment of the fast photo-

orientation process to angular hole burning, since the probability of light absorption by trans 

isomers and their conversion to cis isomers depends on the cosine squared of the angle 

between the laser polarization direction and the electronic transition dipole moment of the 

azobenzene molecule, and thus there is a greater decrease in the absorption direction parallel 
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to the incident linearly polarized illumination. The concomitant formation of cis conformers 

is confirmed in Figures S9 and S10 (section F in the Supporting Information), which show a 

simultaneous increase in Ap and As for the band at 1505 cm-1, associated with both cis and 

trans isomers but with a higher absorption coefficient for the cis isomer and an initial increase 

that is larger for As than for Ap. Significantly, for both complexes, the abrupt initial change 

of Ap and As and the generated difference between Ap and As is much smaller when FA is 80% 

than when FA is 10%. This indicates that the efficiency of the AHB process is hindered by 

azobenzene intermolecular interactions and by increased steric hindrance at high FA. It is also 

consistent with the UV-vis results of Figure S6 showing that the percentage of trans isomers 

under irradiation is higher for both complexes at high FA than at low FA. 
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Figure 7. Evolution of the IR absorbance of the trans azobenzene band near 1140 cm-1 

polarized parallel (Ap) and perpendicular (As) to the polarization direction of the laser as a 

function of time during photo-orientation and thermal relaxation for (a) P4VP/AH and (b) 

P4VP/ACN complexes with FA of 10% and 80%. The values are expressed as the percentage 

of the real-time absorbance, A(t), relative to the absorbance before irradiation, A(t0). 

 

For longer irradiation times, the azobenzene photoresponse shows a strong dependence 

on both the composition and the nature of the chromophores. For P4VP/AH(80%), the AH Ap 

and As become quasi-plateaus with similar slopes, with the consequence that the photo-

orientation also rapidly reaches a plateau (Figure 5). This confirms the dominance of AHB 
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over the AR process (see also Figure S7a). For P4VP/AH(10%), As also forms a quasi-plateau 

but Ap continues to decrease for irradiation times well beyond the time constant of the AHB 

process, indicative of a minor contribution from the slow process. The impact and origin of 

the slow AR process are more explicit for the P4VP/ACN complex (Figure 7b), for which not 

only does the Ap continue to decrease after the initial AHB but the As actually rises after ~80 

s of illumination (indicated by an arrow), implying a reorientation of trans isomers away 

from the laser polarization direction (p) and along the perpendicular direction (s). It is for 

this reason that the photo-orientation of ACN (proportional to the difference between Ap and 

As) continues to grow at a slow rate and never saturates over the timescale of the experiment 

(Figure 5). An increase in As after the rapid AHB was also reported using UV-vis 

spectroscopy for cyano-tailed azobenzenes covalently bonded as side chains to 

polyurethane,71 and for 1-naphthyl-azomethoxybenzene in glassy o-terphenyl.72 The fact that 

As increases under irradiation after the rapid initial AHB supports the conclusion that the 

slow process of photo-orientation is due to the AR of the trans conformers towards the 

direction perpendicular to the laser polarization and is not due to AHB or to photobleaching. 

It can also be observed from Figure 7b (and Figure S7a for additional FA) that the relative 

importance of the fast AHB and slow AR processes depends on the degree of complexation 

of P4VP/ACN, with AR contributing more strongly at high FA. 

We now turn to the thermal relaxation kinetics shown in Figure 7 for 10 and 80% azo 

content (and Figure S7b for additional FA), again in terms of a fast and a slow process. For 

P4VP/AH, As and Ap recover almost fully to pre-irradiation absorbance values, notably about 

99% at all FA for As and increasing linearly from 95% to 99% with FA for Ap. This agrees 

with the earlier conclusion that AHB is the main contributor to the photo-orientation of 

P4VP/AH, especially at high FA, which is then efficiently erased by the reverse process of 

cis-trans thermal isomerization once irradiation ceases. The trend in Figure 6c showing the 

highest residual orientation (near 40%) of AH at low FA is explained by the additional 

contribution of AR to <P2>max, which reverts to isotropic orientation by rotational diffusion 

much more slowly than cis-trans isomerization during relaxation, as illustrated in Figure 7a 

for P4VP/AH(10%). For the P4VP/ACN complex, Figure 7b shows that As even reaches values 
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above the pre-irradiation value at the longer relaxation times, which is explained by the 

reorientation of ACN perpendicular to the laser polarization due to the AR process during 

irradiation. 

Final Discussion.  To summarize, the results regarding the fast and slow processes during 

irradiation indicate that 1) the (fast) AHB process is most efficient at low azo content for 

both complexes, where the azo chromophores are well isolated from one another, and 

decreases in efficiency with increasing FA, and 2) the capacity of AH and ACN to undergo AR 

is identical at the lowest FA, whereas it increases with FA for ACN and decreases with FA for 

AH. The almost identical cis content under irradiation observed for both complexes 

throughout the complexation range studied indicates that the difference in azo-azo interaction 

strength does not significantly alter the trans-cis-trans isomerization cycles. On the other 

hand, the AR process is enhanced by stronger azo-azo interactions in P4VP/ACN, in line with 

the observation for copolymers containing randomly distributed azo (4-nitroazobenzene) and 

non-azo (4-nitrophenyl benzoate) side-chains with a high dipole moment where the light-

induced orientation of the azo groups induces orientation of the photopassive side-chains via 

a cooperative effect.73, 74 Analogously, cooperative motion resulting from the interplay of H-

bonding and lateral ‐ interactions was reported to enhance the saturated and remnant values 

of birefringence in an H-bonded bisazopolymer with high ACN fraction.75 For P4VP/AH, as 

opposed to P4VP/ACN, the intermolecular interactions appear to be too weak to drive the AR 

process and azo orientation decreases with increasing FA due to higher steric hindrance. The 

difference in relative contributions of the two mechanisms thus explains why the photo-

orientation of both complexes is essentially identical at low FA, where the azo units are well 

isolated from one another and the material is amorphous, but is different at higher FA, where 

azo-azo interactions occur and P4VP/ACN is liquid crystalline, as indicated by the significant 

blue shift in the visible spectrum of P4VP/ACN and the appearance of birefringence in 

polarized optical microscopy with increasing FA. These findings support the material design 

guideline that strong azo-azo interactions are beneficial for photo-orientation and its temporal 

stability, and that ACN, having a rod-like shape and intermediate dipole moment, is an ideal 
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mesogen for supramolecular complexation in that it allows formation of a liquid crystalline 

mesophase without promoting disruptive phase separation even at high FA. 

In a previous paper, we have shown that the orientation of the P4VP pyridine groups 

increases with azo content in amorphous hydrogen- and halogen-bonded P4VP/azo 

complexes.55 The results of the present study provide a clearer picture by showing that 

pyridine orientation only occurs in response to the AR process. When the AHB process 

dominates, as is the case for P4VP/AH, there is no pyridine orientation even at high FA. This 

suggests that the pyridine groups orient by adaptation and cooperative motion induced by the 

AR of the azo groups. This process is favored by the free volume generated around the azo 

by the effect of “localized photoplasticization”.76 The residual orientation in Figure 6c is 

almost identical for ACN and the pyridine groups in a given complex, supporting the proposed 

cooperative orientation mechanism and suggesting that the thermal relaxation by rotational 

diffusion is also cooperative. Additionally, these residual orientations are roughly 

proportional to the relative importance of the AR process as determined from the 

biexponential fits of the photo-orientation curves. While this is certainly not the only element 

at play, it is consistent with the importance of azo-azo interactions in increasing orientation 

of both the azo and polymer host and in enabling photomechanical effects. Further validation 

of the proposed model could be obtained by conducting photo-orientation studies for a given 

FA at variable temperatures, or at variable distances from Tg as previously done with azo-

containing molecular glasses,77 where the rate constants of the AHB and AR processes would 

be expected to evolve differently. 

 
CONCLUSIONS 
 

In this contribution, we used polarization modulation infrared structural absorbance 

spectroscopy (PM-IRSAS) to investigate the unusually large influence of the tail group of 

azobenzene, notably cyano (ACN) vs. hydrogen (AH), on the photoresponse of their hydrogen-

bonded complexes with poly(4-vinylpyridine) (P4VP). Linearly polarized irradiation of 

P4VP/ACN produces higher and more temporally stable photo-orientation than P4VP/AH in 

spite of their similar cis conformer content under illumination. Orientation of the 
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photopassive pyridine rings occurs for P4VP/ACN complexes only, in spite of the similar 

extent and strength of the hydrogen-bonding interaction, and increases with ACN content, in 

contrast to the behavior of the photoactive azo whose orientation decreases with increasing 

azo content for both complexes. 

Curve fitting of the photo-orientation curves and investigation of the photoresponse of 

azobenzene with p and s polarized IR indicate very different relative contributions from the 

angular hole burning (AHB) and angular redistribution (AR) mechanisms. For P4VP/AH, the 

photo-orientation is mainly limited to AHB, the efficiency of which is reduced at high azo 

content and does not allow for stable orientation or transfer of azobenzene orientation to 

P4VP pyridine orientation though the hydrogen bond. For P4VP/ACN, there is an increasing 

contribution of the AR process to the photo-orientation with increasing azo content linked to 

the emergence of a liquid crystalline mesophase at higher ACN content due to its much higher 

dipole moment compared to AH. These results demonstrate, for the first time, that the 

beneficial effect of chromophore-chromophore interactions on photo-orientation stems from 

their promoting the AR photo-orientation mechanism. In addition, efficient AR is observed 

to be a prerequisite for efficient orientation of the photopassive polymer. Overall, this 

molecular-level understanding of photo-orientation processes is important for optimizing 

photoresponsive materials as well as the conditions for optimal orientation transfer from 

photoactive to photopassive molecules. 
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