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ABSTRACT 
Smart interfaces that are responsive to external triggers such as light are of great interest for the development of responsive or adaptive materials and interfaces. Using alkyl-arylazopyrazole butyl sulfonate surfactants (alkyl-AAP) that can undergo E/Z photoisomerization when irradiated with green (E) and UV (Z) light, we demonstrate through a combination of experiments and computer simulations that there can be surprisingly large changes in surface tension as well as in the molecular structure and order at air-water interfaces. Surface tensiometry, vibrational sum-frequency generation (SFG) spectroscopy and neutron reflectometry (NR) are applied to the study of custom-synthesized AAP surfactants with octyl- and H-terminal groups at air-water interfaces as a function of their bulk concentration and E/Z configuration. Upon photoswitching, a drastic influence of the alkyl chain on both the surface activity and the responsiveness of interfacial surfactants is revealed from changes in the surface tension, γ, where the largest changes in γ are observed for octyl-AAP (∆γ~23 mN/m) in contrast to H-AAP with ∆γ <10 mN/m. Results from vibrational SFG spectroscopy and NR show that the interfacial composition as well the molecular order of the surfactants drastically change with E/Z photoisomerization and surface coverage. Indeed, from analysis of the S-O (head group) and C-H vibrational bands (hydrophobic tail), a qualitative analysis on orientational and structural changes of interfacial AAP surfactants is provided. The experiments are complemented by resolution of thermodynamic parameters such as equilibrium constants from ultra coarse-grained simulations, which also capture details like island formation and interaction parameters of interfacial molecules. Here, the interparticle interaction (‘stickiness’) as well as the interaction with the surface are adjusted, closely reflecting experimental conditions.

INTRODUCTION
Surfactants play a key role in many colloidal systems like foams1,2 and emulsions3,4 or microgels5 where they are used to control stability, reduce interface tensions and thus the energy demand to create new surfaces and interfaces. In case of classical surfactants, adsorption to interfaces cannot be easily reversed or fine-tuned, as molecules remain in their thermodynamically most favorable state impervious to external triggers. In order to trigger changes in these systems, often massive changes in the bulk composition are needed where different surfactant concentrations, a different bulk pH or ionic strength is required to induce structural and property changes. The required drastic changes in the bulk vary strongly with the surfactants’ chemical identity.
A much more elegant and less disruptive approach is to use photoswitchable surfactants1,6–10 or surfactants that are reactive to other stimuli,2,11 which can yield responsive interfaces and trigger property changes on larger length scales through changes in surface tension and interfacial composition.3,5 We note that responsive materials are the basis to develop adaptive materials or interfaces, which are able to provide feedback arising from the joint action – e.g. of multiple responsive units – with the possibility to precondition the system.12
Air-water interfaces are in fact an ideal model system to test the responsivity as well adaptivity of functional building blocks that exhibit surface activity. In fact, photoswitchable amphiphiles that can undergo E/Z photoisomerization reactions in case of azo derivatives13 or ring opening reactions like for spiropyran14 derivatives have been previously shown to be powerful molecular building blocks not only for gaining responsive functions at interfaces but also in bulk materials and dispersions.3,14–16 Furthermore, light as a stimulus that drives property changes is particularly attractive because it can be tailored in various ways and offers excellent spaciotemporal control that is superior to other stimuli like temperature, pH or magnetic field gradients.17
A prerequisite to optimize the responsiveness of switchable amphiphiles at interfaces as well as their use in multi-responsive or even adaptive systems is molecular level information on the action and structure of photoswitches at interfaces from both experiments and computer simulations. For that reason, in the present work, we address two new photoswitchable surfactants that have an alkyl tail of very different length (Figure 1) and that can offer different surface activities as well as a different responsiveness at air-water interfaces. In this work, we use a combination of experimental methods like vibrational sum-frequency generation (SFG) spectroscopy and neutron reflectometry (NR), which provide information on the surface coverage and interfacial structure as a function of surfactant concentration and light irradiation. The aim of these experiments is to test if the photo response of the surfactants at the air-water interface is strongly dependent on the length of the hydrophobic tail.
Simulations of amphiphilic molecules, either forming vesicles or membranes, have been a focus of computer simulations for a long time,18–24 either using atomistic or coarse-grained representations. To achieve larger time- and length-scales, the complexity of coarse-graining models has been extremely reduced, e.g., by using just three beads per molecule 25 or a single bead together with a vector to capture the orientation.26 This ultra coarse-grained model has been successfully used to describe the spacio-temporal properties of vesicle formation as well as to elucidate the physical mechanisms behind frame-guided assembly.27 In the present work, we use this model to track surfactant adsorption in dependence of two relevant energies, namely the interaction of adjacent molecules as well as the adsorption energy at the air-water interface. This analysis provides complementary information on the different microscopic aspects such as the surfactant ordering at the interface and possible formation of islands that arise at sub monolayer concentrations and are used to substantiate the analysis of the experimental results within this study. The aim of the simulations is to complement the experimental data and provide a fuller picture of the behavior of these new surfactants over a range of time- and length scales.
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	[bookmark: _Ref103774647]Figure 1 Chemical structures of the E and Z configurations of alkyl-arylazopyrazole butyl sulfonate surfactants, where the sodium cations have been omitted for clarity.




METHODS AND MATERIALS
[bookmark: _Hlk111734595]Sample preparation. Two different sodium alkyl-arylazopyrazole butyl sulfonate (octyl-AAP and H-AAP) surfactants have been synthesized and characterized using a procedure that was reported elsewhere.1 For this work, we have adapted the purification method for the two new surfactants, which we report in detail in the SI. All experiments were performed at 295 K. Stock solutions were prepared by dissolving the necessary amount of AAP surfactants in ultrapure water that was obtained from a Millipore Reference A+ purification system (18.2 MΩ.cm; total oxidizable carbon ≤5 ppb). In order to fully dissolve the surfactants, the solutions were gently shaken with an orbital shaker (KS-15; Edmund Bühler GmbH). Prior to use, all glassware was precleaned with an Alconox solution (Sigma Aldrich), dried in air, and stored in a bath of concentrated sulfuric acid (98 %, Carl Roth, Germany) and Nochromix (Godax Labs, USA) for at least 12 h. After the acid cleaning, the remaining acid was removed by thoroughly rinsing the glassware with ultrapure water. Subsequently, drying in a stream of Ar (99.999%, Westfalen) gas was performed. Samples were irradiated with two wavelengths using LEDs with emissions at center wavelengths of 365 nm (Roschwege, Star-UV365-05-00-00) and 520 nm (Roschwege, LSC-G). For emission spectra of the LEDs see SI (Figure S1). The light intensity for all experiments was set to 2.8 mW/cm2 for irradiation with 520 nm green light, while 10.2 mW/cm2 was used for irradiation with 365 nm UV light. Only for surface tensiometry, different intensities of 6.5 mW/cm2 (green light) and 40 mW/cm2 (UV light) were used. As we are not investigating the nonequilibrium properties after switching the light source, the choice of the intensities is not relevant for this study and we selected high intensities which are due to geometric constraints different for each setup. This was done in order to reach each equilibrium state as fast as possible.
Surface tensiometry was performed with a pendant drop tensiometer (PAT 1M Sinterface, Germany) where the drop shape was analyzed using the Young-Laplace equation.28 For investigations of the photoswitchable surfactants, a modified cell was used where two long-pass filter (FGL360, Thorlabs, Germany) with a cutoff at 630 nm were inserted as windows in the measurement cell to remove unwanted wavelengths from the tensiometers light source and to make sure that the configuration of the photoswitches was not affected by the drop shape analysis. The LEDs for the photoswitching of the surfactants were attached to the sides of the measurement cell to allow irradiation of the pendant drop perpendicular to the optical axis of the tensiometer. The dynamic surface tension was recorded and equilibrium values of the surface tension were typically reached after ~60 min.
Neutron reflectometry. NR is a powerful technique used in the study of the structure and composition of thin films at interfaces.29,30 The specular neutron reflectivity, R, was recorded as a function of the momentum transfer normal to the interface, Qz, defined as
	
	
	(1)


where λ is the wavelength of the neutrons and  is the angle of incidence with respect to the interface. The great utility of this technique relies on the fact that the scattering length, l, of different elements or isotopes can be strongly different. This is particularly important when organic compounds are used since hydrogen and deuterium present strongly differing neutron scattering lengths. Therefore, the isotopic substitution of hydrogen by deuterium allows the neutron scattering length density (SLD) of molecules, defined as the ratio between the sum of the scattering lengths of the atoms and the molecular volume Vm, to be changed. Thus, it is possible to address the scattering of different components in the interfacial layer by tuning their SLD. Use of a mixture of 8.1% v/v D2O in H2O as air contrast matched water (ACMW) makes the solvent practically invisible to neutrons since its SLD is equal to that of air. NR was performed at the FIGARO31 reflectometer (Institut Laue-Langevin, Grenoble, France) in order to determine the changes in surface excess of different surfactants and their two E/Z configurations switched by photoisomerization. For the data analysis, we have applied a structural model-independent approach (low-Qz method), which is described in detail elsewhere.32 For the low-Qz approach, only one angle of incident  = 0.63° was used, and the data were reduced over a range of λ = 4 – 12 Å to get a Qz-range of 0.01 – 0.03 Å-1. In this range, the reflectivity profile is insensitive to the structure of the film but very sensitive to the surface excess Γ and is defined for a single-component monolayer as
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[bookmark: _Hlk130380304]where  is the product of the scattering length density and layer thickness at the interface, NA the Avogadro’s number and  the scattering length as the sum of all scattering cross section of all atoms present in the molecule of the molecule . The measurement of two isotopic contrasts (partially deuterated octyl-AAP(d6) in 0.81% v/v D2O in H2O and ACMW (8.1%), and hydrogenous H-AAP and partially deuterated H-AAP(d5) in ACMW) leads to two equations that can be solved simultaneously to obtain the surface excess  of the surfactants. Note that the octyl-AAP isotherms were measured initially with an accidentally chosen lower concentration (0.81%) that differed from ACMW, but then repeated with the correct concentration for ACMW (8.1%). Nevertheless, all data were analyzed and the results for a given concentration were averaged as they agreed within the experimental scatter very well. A sample environment consisting of six poly(tetrafluoroethylene) (PTFE) adsorption troughs on a sample changer was used to record reflectivity data over 90 min to ensure that all the samples had reached equilibrium. Every trough was equipped with LEDs to irradiate the samples at 365 and 520 nm with intensities as stated above. The data were reduced using COSMOS33 without background subtraction and the background was determined using separate measurements of the pure ACMW or 0.81% v/v D2O in H2O subphases. The results were analyzed using Motofit.34 
Vibration sum-frequency generation spectroscopy. Vibrational SFG spectroscopy is a nonlinear optical technique that provides molecular structure information about interfaces. Two incoming laser pulses, one with a fixed visible wavelength and one that is tunable in the mid-IR, are overlapped in time and space where they generate a third beam that has the sum frequency of the two fundamental light waves. The resulting SFG intensity is given as:35,36
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where  is a nonresonant contribution to the second-order electric susceptibility while the second term in eqn. (3) represents resonant contributions, which are a function of the resonance frequency , the frequency of the IR beam , the homogeneous linewidth  and the amplitude .  depends on the surface excess  of the molecules as well as on the orientational average  of the molecular hyperpolarizability . The orientational average has far reaching consequences as only molecules in non-centrosymmetric environments can contribute to the SFG signal. Consequently, in centrosymmetric environments like the one in the bulk of isotropic liquids or gases, the net orientation leads to a cancellation of SFG signals, whereas interfaces break the bulk symmetry and give rise to new terms in . As a consequence, vibrational SFG spectroscopy is highly suited to the study of systems with inversion symmetry and is therefore highly interface selective.37 At charged interfaces, also third-order contributions  can be relevant where the presence of a static electric field at the interface gives rise to an additional symmetry break.38 Most notably, this causes strong changes of O–H stretching bands of interfacial water molecules in SFG spectra when the surface potential changes.35,36,38,39 Therefore, the technique provides not only information on the interfacial molecular structure and composition, but also information on the interfacial charging state. The setup used for vibrational SFG spectroscopy is described in detail elsewhere.38 In brief, a Solstice Ace (Spectra Physics, USA) chirped pulse amplifier (CPA) system emits ~70 fs pulses at a repetition rate of 1 kHz and a center wavelength of 795 nm. Internally, the amplified but uncompressed beam is split into two beams, where one half of the total pulse energy of 7 mJ is compressed in the internal compressor and subsequently pumps a Topas Prime optical parametric amplifier (Light Conversion, Lithuania) with an additional unit for noncollinear difference frequency generation (NDFG). The second half of the pulse energy from the CPA is sent to an external compressor where the beam gets also spectrally filtered with an etalon to yield time-asymmetric pulses with a pulse duration of 1-2 ps, a bandwidth of <5 cm-1 and a center wavelength of 804.1 nm. The two laser beams are focused to the interface of interest at angles of incidence of 60° and 55° with respect to the surface normal for the IR and visible beams, respectively. These angles optimize linear optical properties like Fresnel factors for reflection and transmission of the fundamental and SFG beams for the various setups in our SFG spectrometer. At the interface, SFG photons are generated and the reflected SFG beam is first collimated and then send to a Kymera (Andor Technology, UK) spectrograph with a 1200 lines/mm grating. The spectrally dispersed SFG photons are then detected with an EMCCD (Newton by Andor Technology, UK) that is attached to the spectrograph. For vibrational SFG spectroscopy, all samples were freshly prepared and equilibrated under green light for at least 60 min prior to every measurement. Once equilibrium was reached, SFG spectra were recorded while the irradiation of the samples was continued. Then the samples were irradiated for at least 10 min with UV light and again vibrational SFG spectra were recorded. All spectra were measured with s-polarized SFG, s-polarized visible and p-polarized IR beams (ssp polarizations) and were normalized to the nonresonant signal of an air-plasma cleaned thin Au film on a SiO2/Si wafer. 
Ultra coarse-grained simulations
The simulation box is ranging from  to  where  defines the air-water interface. In the x- and y-directions, periodic boundary conditions are chosen. The surfactant molecules and their mutual interactions are represented by our recently developed ultra coarse-grained potential, as introduced in previous work.26 The surfactant is characterized by a vector, reflecting its orientation. Its position is defined as the center of the vector. Using a vector allows to distinguish a parallel from an anti-parallel orientation. The pairwise energy of two surfactant molecules in the bulk is given by the modified Lennard-Jones (LJ) potential,

The parameter  is exactly unity if two adjacent molecules have an optimum relative orientation, i.e. in general a relative pre-determined angle  is displayed. Any deviation reduces the value of  and thus the attractive part of the interaction. Details about this potential, and in particular the precise definition of , can be found elsewhere.26. In what follows, we choose  and 5°. The value of   reflects the internal dimensionless length scale and approximately corresponds to the typical distance of two adjacent surfactants. The angle would determine the equilibrium sizes of micelles. However, since we are interested in the properties close to the air-water interface, this value hardly has any impact. The chosen box size is , and if not stated otherwise the number of particles is , which corresponds to an overall particle density of 0.01 in the dimensionless LJ units. Simulations are performed for different interaction energies . All energies are given in units of . For all chosen interaction strengths, the bulk density is below the critical micelle concentration (CMC). 
For the present work, this potential of ultra coarse-grained simulations has to be extended to account for the specific interaction with the air-water interface. Therefore, two effects must be considered: First, there is a direct interaction with the surface characterized by the interaction strength . Second, there is a tendency that the hydrophobic part is pointing towards the direction of the surface. The strength of this effect is expressed by the parameter . In the system presetting, the molecules have a favored orientation at the surface (), however, the main ordering effect results from the mutual alignment of interacting molecules at higher surface coverages. This means that the ordering energy should be smaller than , i.e. . We have chosen For some preliminary simulations we checked that the results are insensitive to the precise value. The resulting surface-related potential energy is then written as (for 

Here, z describes the distance from the surface and  describes the angle between the surface normal and the molecular vector, i.e. the interaction energy is minimal for an orientation along the surface normal. For  there is no interaction with the surface. All simulations are performed for different values of  and  in order to elucidate the dependence of the observed phenomena on these key parameters.
General procedure 
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	Figure 2 The general simulation set up. See text for a definition of the different observables.



[bookmark: _Hlk124247437]In Figure 2, three spatial regimes are defined: the interface regime with  1, the interface neighborhood with  2 and the bulk regime with . The structure in the interface regime is characterized by the coverage . The optimum coverage  is realized by a 2D hexagonal arrangement of the molecules, pointing towards the surface, and having a nearest neighbor distance of , corresponding to the equilibrium distance of two particles within the Lennard-Jones potential. For the chosen parameters, this corresponds to  particles at the interface. The length of time in all simulations (in dimensionless units) is 107. Furthermore, particle concentrations are denoted as  in the interface neighborhood and  in the bulk regime. Key observables are the number of molecules which are adsorbed during a small but finite time interval  and the number  of those which are desorbed during the same time interval.  is chosen as 5000. Surface adsorption is defined by the condition that a particle, which is initially located in the interface neighborhood, is part of the surface regime after a time . Desorption describes the reverse process. During the time interval , a significant but still small fraction of particles (about 10%) is adsorbed from the interface neighborhood. Furthermore,  is much smaller than the timescale during which the average surface concentration changes (of the order of 106). To map the dimensionless concentrations, used in this work, on the experimental values, we roughly approximate the typical distance between two molecules as 1 nm. Thus, the relation between the experimental and the simulated concentration can be expressed as  As a consequence, one has  /102 where the solvent (water) concentration is taken as csol = 55.5 mol/L.
Modeling approach
We define the adsorption rate constant  via the relation

This expression is based on the physical picture that the number of adsorbing particles per time unit  is, on the one hand, proportional to the concentration in the surface neighborhood and, on the other hand, to the number of free sites  at the surface. A more complex behavior would be reflected by the -dependance of the adsorption rate constant . In analogy, the desorption rate constant  is expressed via

It is assumed that the number of particles, leaving the surface region, is proportional to the number of surface particles . Furthermore, the adsorption is reduced by the factor . The exponent  expresses, in mean-field approximation, the additional binding energy of particles at the surface due to their mutual interaction. This effect gives rise to the Frumkin isotherm. Again, any deviations from this picture are included in a possible -dependence of the desorption rate constant . In equilibrium, a stationary regime exists, where
In practice, one must deal with the facts that (a) equilibration may take a long time, in particular for low concentrations, and (b) it is desirable to obtain information about the -dependence to check the validity of the approaches above. These, in principle, require equilibrium simulations for a large range of concentrations. Furthermore, (c) the concentrations  and  can be quite different for short times () because of diffusion limited processes, and (d) due to the finite simulation box size both concentrations may additionally depend on the surface coverage due to the significant reduction of the fraction of free particle. Here we use a simple approach which allows to cover a large range of -values in one shot. For this purpose, we define  as well as  in regular time intervals and bin the two functions in small -intervals. With the assumptions mentioned above, we would expect and . To show the consistency of our approach, it needs to be checked that these numerically determined functions are indeed independent of the chosen number of particles. Note that it was essential to use  rather than  for the definition of  to cope with the non-equilibrium situation for short times when  is significantly smaller than .
In equilibrium, the experimental equilibrium constant  is given by 

and the simulated equilibrium constant  by

Here we have used  (see above) and used the index sim for clear distinction from the experimental situation. From the relation   one thus obtains .
In non-equilibrium, this can be generalized to 

Based on this relation, the value of  can be determined by extrapolation to small values of  as  . Here we consider coverages above . Smaller values of  are difficult to access numerically, since for typical concentrations there is a fast increase of the coverage with time which renders the numerical determination difficult. In what follows we omit the index ‘sim’ or ‘exp’.


RESULTS AND DISCUSSION
Surfactant Adsorption and Photoswitching at the Air-Water Interface
In Figure 3a and 3b, we present experimental results from which the performance of the photoswitchable surfactant can be determined as a function of bulk concentration as well as their configuration (E vs Z). The surface tension isotherms for both the E and the Z configurations for octyl-AAP and H-AAP surfactants, respectively, are shown. Addition of AAP surfactants lowers – as expected – the surface tension γ until their CMC is reached. The CMC can be directly inferred from the kink in the surface tension isotherm because micelle formation in the bulk solution results in a plateau in surface tension for concentrations above the CMC. Analysis of the results yields that the CMC for the octyl-AAP surfactants is reached at 0.1 mM when the molecules are in their predominant E state, while for the predominant Z state, the CMC is drastically increased to 1 mM. Note that the Z state can be prepared by UV light irradiation and exposes the more hydrophilic azo group (Figure 1) and explains the observed large differences in the CMCs and surface activities. This is significantly different for the H-AAP surfactant, which is essentially the same surfactant but without the octyl tail. For H-AAP, the E and Z configurations exhibit CMCs of 30 and 50 mM, respectively. The changes in CMCs (see Table 1) with irradiation using green and UV light and, thus, with E/Z configuration are evident for both surfactants and qualitatively consistent with those reported in earlier works on azo as well as arylazopyrazole amphiphiles.1,7,40,41 Nevertheless, the change of CMCs and relative surface tension values between the E and Z configurations is less pronounced for the H-AAP compared to the octyl-AAP surfactants.
For H-AAP, the needed surfactant concentrations to lower the surface tension are three orders of magnitude different to what is required to achieve a similar change with octyl-AAP. Consequently, these differences can be directly ascribed to the largely different surface activities of both species with the octyl-AAP being drastically more surface active. Obviously, the addition of the octyl tail to the AAP moiety is causing the changes in surface activity and bulk micellization. Previously, we have also reported experimental data on a butyl-AAP amphiphile, which has a similar molecular structure to the surfactants studied in the present work except the intermediate length of the alkyl tail. The butyl-AAP was shown to exhibit CMCs of 0.7 and 5 mM for the E and Z configurations, respectively, and, as such these CMCs and surface activity lay in between those of the H-AAP and octyl-AAP surfactants.1 This dominant influence of the alkyl chain length on the bulk CMC and on interfacial properties is consistent with that of classical surfactants with different alkyl tails where the length of the hydrophobic tail increases the surfactants’ surface activity.42,43 At this point, we have to note that also the photo-stationary state (PSS) of the photoswitches can have an influence on their performance in the bulk as well as at the interface. The PSS of both H-AAP and octyl-AAP is, however, >91 % for switching in both directions, as discussed in the SI (Figure S2). For that reason, a significant role of the PSS can be neglected for the molecules in our study.
Next, we turn the focus to the responsiveness of the surfactants at the air-water interface, which we can infer in a first approach from the change in surface tension  when the surfactants photoisomerize from their E to the Z state and vice versa. Although a drastic difference between E/Z configurations is observed for octyl-AAP, the differences in  for the H-AAP amphiphile are comparatively small. For that reason, we have further analyzed the surface tension isotherms and determined the maximum change in the surface tension  when switching between and E and Z states. In this way we find that  is about 23 mN/m for the octyl-AAP surfactant at a concentration of ~0.1 mM, while for the H-AAP  is <10 mN/m only at surfactant concentration of ~20 mM. 
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	[bookmark: _Ref103156191][bookmark: _Hlk104816996][bookmark: _Ref108437675][bookmark: _Hlk130310179][bookmark: _Hlk130382632]Figure 3 Equilibrium surface tension , the surfactants’ surface excess  as determined from NR as well as normalized SFG amplitudes of S-O stretching vibrations of the head group (ASO) and C-H stretching vibrations of the aromatic part of the surfactant tail (Aar.CH) as a function of octyl-AAP (hexagons (E) and diamonds (Z)) and H-AAP (squares (E) and circles (Z)) concentration. Colors indicate the irradiation of the samples with green and UV light which drives the molecules in their predominant E (green symbols) and Z (purple symbols) configurations (see Figure 1). Data in (d-h) have been multiplied by the factors given in the figure e.g. x1.5 in order to match the same scale as in (c-g). Exact values of the maximum surface excess are provided in Table 1 below. Solid lines in (c-d) represent the fits with the Frumkin isotherm to the data while the solid lines in (a-b) and (e-h) guide the eye.




[bookmark: _Hlk130384071][bookmark: _Hlk130379219]Compared to the surface tension changes of the butyl-AAP surfactant (= 27 mN/m)1 the octyl-AAP reaches a change in surface tension that is almost comparable to the butyl-AAP and in terms of responsiveness of surface activity to photoswitching is among the best performing photoswitchable amphiphiles reported to date.1,44,45 In order to understand the molecular response of the H-AAP and octyl-AAP surfactants at the air-water interface in greater detail, we have performed complementary experiments with NR and vibrational SFG spectroscopy. Indeed, NR provides information about a key parameter in understanding the surfactant adsorption and light-induced changes at the air-water interface, which is the surfactants’ surface excess, . Using the low-Qz approach as described in the Methods and Materials section, we can directly determine  without the need of using a specific model. This information is, in fact, required when analyzing the surface tension isotherms of AAP surfactants, as it was observed previously that a structural monolayer-to-bilayer transition of another surfactant (butyl-AAP) renders Gibb’s analysis of surface tension data inaccurate.1 In Figure 3c and 3d, we present  for octyl-AAP and H-AAP, which increases with surfactant concentration and reaches monolayer coverage at the CMC. Interestingly, the differences in  between the E and Z states from NR for the octyl-AAP are less pronounced compared to the changes in surface tension and data from vibrational SFG spectroscopy. This is likely related to the presence of octyl-AAP islands at submonolayer coverages. Here the change from the E to the sterically more demanding Z form with an exposed hydrophilic azo group may disrupt the islands at the interface and cause a more isotropic distribution of interfacial octyl-AAP. As a consequence, the average surface excess is only changed to a small extend while the molecular structure changes between the E and Z state of octyl-AAP are necessarily much more pronounced. In this rather special case of octyl-AAP the latter can cause a more substantial change upon E/Z photoisomerization in SFG signals and the surface tension as compared to the change in surface excess. Note that for the monolayer-to-bilayer transition of butyl-AAP also dramatic changes in SFG intensity and surface tension were observed previously, while the surface excess (from NR) was changed only to a much smaller extent.1 The situation is largely different for H-AAP where no island formation is expected and the change in  is indeed largely consistent between all methods.
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	[bookmark: _Ref103608840]Figure 4 Vibrational SFG spectra of the air-water interface modified by AAP surfactants reporting primarily on S-O stretching vibrations of the surfactant head ((a) and (b)) and C-H modes of the surfactant tail ((c) and (d)). (a) and (c) show spectra for the octyl-AAP at a bulk concentration of 0.1 mM while (b) and (d) present spectra of the H-AAP surfactant at a concentration of 10 mM. To remove the interference with the strong O-H stretching modes from interfacial water, the surfactants were dissolved in D2O for (c) and (d). SFG spectra presented in this figure, were recorded at concentrations where the largest changes in interfacial structure occur, while additional spectra at a large variety of other concentrations are summarized in the SI (Figure S4).




In order to further exploit the available results from NR, as they provide a direct quantification of , we can make a direct comparison with the SFG amplitude of selected vibrational bands. Analysis of the change in SFG amplitude  with respect to the change in  can help to disentangle effects of changing surface coverage and orientation to enhance the SFG data analysis because the SFG amplitude  of a vibrational band is a function of both  and the orientational average  of the molecular hyperpolarizability . Thus, SFG can provide valuable orientation information of different parts of the molecule such as the head group or the hydrophobic tail.
In Figure 4, we present vibrational SFG spectra of octyl-AAP and H-AAP molecules at the air-water interface for selected bulk concentrations of 0.1 and 10 mM, respectively, where the largest changes in SFG spectra are observed. Spectra of a broad range of other concentrations are reported in the SI (Figure S4). The spectra in Figures 4a and 4b show an intense S-O stretching band at 1050 cm-1 attributable to the surfactant sulfonate head group, while those in Figures 4c and 4d highlight the CH modes from the surfactant tail. Here, vibrational bands at 2850 and 2880 cm-1 are attributable to symmetric stretching vibrations of methylene () and methyl () groups, while we assign the vibrational bands at 2925, 2944 and 2949, and 2986 cm−1 to the CH2 antisymmetric stretching () vibrations, CH2 () and CH3 ( ) Fermi resonances, and CH3 antisymmetric stretching () vibrations, respectively.46–48 Additional bands at ~3027 and ~3060 cm−1 can be noticed in Figure 4c (octyl-AAP) and at ~3070 cm−1 in Figure 4d (H-AAP), which are assigned to C-H stretching modes at the aromatic ring of the AAP moieties (Figure 1).49 After irradiation with UV light and switching of the molecules from the E to the predominant Z state, both the S-O and the C-H vibrational bands in the SFG spectra of the octyl-AAP as well as the H-AAP modified air-water interfaces decrease substantially (Figure 4). From a close inspection of Figure 4, it becomes clear that the changes in vibrational SFG spectra are much more pronounced for the octyl-AAP than the H-AAP surfactants, which is consistent with the drastic differences in the changes in surface tension between them (Figure 3a). In Figures 3e-h, we present the SFG amplitudes from the fits to the complete set of spectra in the SI (Figure S4). In the discussion below, we will address in detail the molecular changes that can be derived from the changes in amplitude.
Simulation results on structural properties at the liquid-gas interface
In Figure 5, we present snapshot from our simulations, where the coverage of the surface is demonstrated in Figure 5a and 5b for two different values of the interaction strength  among the molecules, while a snapshot of a complete simulation cell is shown in Figure 5c. In agreement with expectations,24 the clustering (island formation) is more pronounced for the higher interaction strengths. As shown in Figure S8, the stationary coverage in the long-time limit significantly depends on and the surface interaction strength described by . The dependence on  reflects the observation that there is a mutual stabilization of the particles at the surface, thus increasing the surface coverage. The dependence on  is straightforward since a larger attractive interaction naturally shifts the equilibrium to higher surface coverages. Whereas a single particle displays just an average orientation of (based on the chosen value of ), already for coverages as small as 0.3 (see Figures 8 and S8), the average orientation is at least 0.7 (for  and very sensitive to  e.g. increases the average orientation to  for  . In contrast, the orientation does not depend on the affinity to the surface as expressed via . Finally, we also checked the center of mass distribution of the surface particles as a function of the distance to the surface, see Figure S10. It turns out that the localized peak at the surface decays to basically zero already for . This is a consistency check that the choice  is uncritical when distinguishing free particles and surface particles. Furthermore, the distribution is narrower for the larger value of , which is a direct consequence of the adsorption energy term that linearly increases when approaching the surface.
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	Figure 5 Visualization of the simulation box showing the top view of the box using the parameters sets with (a)  and  and with as well with (b) using  and , and (c) an example for the entire simulation box


Dynamic surface properties
Figure 6 shows the numerical results of the desorption processes via the function . Within the Frumkin adsorption isotherm, one would expect a relation of . Indeed, for  this relation describes the numerical data very well.  The value of , representing the desorption probability for small surface coverage, mainly depends on attraction to the surface This just reflects that a stronger binding to the surface reduces the desorption probability. In contrast, as expected for low coverage, there is hardly any dependence of  on  (in particular for . 
	[image: ]

	Figure 6 The desorption properties as expressed by  as a function of for different and  parameters.


When discussing the parameter , we first observe that it strongly depends on the ‘stickiness’ . This reflects that the mutual attraction of particles among each other impedes the desorption process. In mean-field theory,  can be expected. However, the actual dependence is significantly stronger. This may be easily rationalized by the observation that upon increasing  the orientations of interfacial molecules also become more aligned (Figures 8c-d) which effectively further increases the mutual interaction. Effectively, this may give rise to a superlinear dependence of . It may seem surprising that  also depends on the interaction strength to the surface . This effect may be related to the fact that for larger , the z-distribution at the surface is more localized and thus the interaction of adjacent particles is stronger, thus reducing the desorption probability. Next, we display the value of  in Figure 7 characterizing the adsorption process. It is independent of the model parameters for small surface coverage . Indeed, in this regime the adsorption probability basically reflects the probability to enter the surface area. This can be described as a stochastic process, independent of particle-particle interactions or (to a good approximation) independent of the surface activity, at least in the limit of large values of In contrast to the expectation, we do not observe a simple proportionality to  Rather to a good approximation the data can be fitted by some higher power , e.g. with  for  and . This can be rationalized by the assumption that a particle is able to search for m sites, which are either occupied or empty, before leaving the interfacial region. For example, in case m equals zero, the probability that the first site is empty is given by , which is assumed for the classical Frumkin or Langmuir isotherms. The probability that a vacant site is only found in the second step is proportional to the probability of no success in the first step, i.e. , and the probability of success in the second step, i.e. , which leads to . Furthermore, the data clearly show that the final slope upon reaching the limit of full coverage (i.e. m+1) increases with and/or Alternatively, this can be deduced from the observation, that the coverage for which, e.g.,  increases with increasing and/or  . In this case the particle would stay longer in the surface area either because of stronger interaction with already absorbed atoms (via  or due to the explicit surface attraction (via 
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	Figure 7 The adsorption properties as expressed by  as a function of for different and  parameters. Red lines show a fit to the data (0.7) with a function  as explained in the main text. The values for  that are interactive for a more complex adsorption process are displayed in the figure. 



To estimate the equilibrium constants, we analyzed  For the denominator, we choose , as shown in Figure 6. The limiting value of  is approximated as  which for all simulation parameters, considered in this work is to a very good approximation identical to 4. The resulting values  are shown in Table 1 below. Indeed, these values correspond to the range of equilibrium constants, seen in the experiments. The present analysis may also provide some hint towards to the difficulty of estimating the Frumkin constant from experimental data. The Frumkin isotherm suggests  For , however, we get  The second factor on the right-hand side can be approximated as  for small . Thus, a more complex adsorption process with m > 0 might tend to increase the Frumkin constant, obtained from fitting experimental data. Finally, in Figure S12 we show by plotting  that the results are within numerical error independent of the initial density. Thus it is an important consistency check which shows that our analysis of non-equilibrium data can indeed provide information about the equilibrium properties. 
General Discussion.
From our simulations we have clearly shown that the ‘stickiness’ of the surface-active particles that is represented by the  parameter can lead to substantial changes in surface activity (or equilibrium constant  for interface adsorption) and controls the way how the particles arrange themselves at low coverages. Particularly interesting interfacial properties like the dependence of the molecular orientation (Figure 8c-d) on the surface coverage and the formation of islands (Figure 5) were captured by the simulations, while obtaining such information from experiments is often highly challenging. For that reason, now we combine our results from experiments and simulations in order to provide a more detailed analysis of the adsorption of AAP photoswitches at the air-water interface. For that, we concentrate on the S-O stretching vibration of the surfactant head group and the aromatic C-H stretching mode of its hydrophobic tail. Comparing these two SFG amplitudes with the surface excess from NR allows us to gain qualitative information on the orientational changes of the surfactant tail and head groups at the air-water interface.
We start by discussing the situation for the octyl-AAP surfactant in its E configuration. The amplitude of the S-O stretching mode of the sulfonate head group reaches a plateau at concentrations >0.1 mM (Figure 3e). This is consistent with the CMC (Table 1), which we have determined by surface tensiometry (Figure 3a). In addition, the SFG results are also roughly consistent with the surface excess from NR at very low concentration around 0.01 mM (Figure 3c). Here, the amplitude of the S-O mode is already quite substantial, and the variations closely follow those of the surface excess (Figure 3). In addition to the S-O stretching mode of the headgroup, C-H modes of the surfactant tail can provide us with insight on the orientation of the hydrophobic tail. Consistent with our simulation results (e.g. Figure 8c-d), we expect a reorientation of the hydrophobic tail from low to high coverages, while there is likely little change in the orientation of the surfactant head with coverage  consistent to the headgroup of other classical surfactants like SDS.50 For our analysis of the surfactant tail, we use the aromatic C-H stretching band centered at ~3065 cm‑1 which exhibits strong signals for both the octyl-AAP and the H-AAP surfactant. Close comparison of the changes of the SFG amplitude  and  can provide additional experimental evidence on the interfacial restructuring of the AAP surfactants. For that we plot  for octyl-AAP and H-AAP in both E and Z configurations as a function of surface coverage  (Figure 8). In order to determine  for all SFG results, we can use the surface excess from our NR experiments. Since we have more data points from SFG spectroscopy than from NR we have fitted the surface excess from NR with a Frumkin isotherm (eqn. (8)) and use the isotherm data for concentrations where no complementary concentrations from SFG and NR were available. In Table 1, we present  and  for the different surfactants and their (E/Z) configurations in comparison to the results from our simulations, while in Figures 8a and 8b we plot the normalized SFG amplitude  in dependence of , where we use the mean value  of the amplitudes at and above the surfactants CMC for normalization.
Table 1 Fit parameters of the Frumkin model to the results from NR shown in Figure 3 and results from simulations as discussed in the text. The fit parameters from the experiment side are the maximum surface excesses Γmax, the equilibrium constant K and the Frumkin parameter . The values without stated errors are fixed and have not been fitted. 
	Experiment

	

	E
octyl-AAP
	Z
octyl-AAP
	E
H-AAP
	Z
H-AAP

	NR
	Γmax / µmolm-2
	4.8 ± 0.1
	4.7 ± 0.1
	2.8 ± 0.1
	2.3

	
	K /104
	460 ± 80
	490 ± 110
	0.6 ± 0.5
	0.76 ± 0.1

	
	
	1.3±0.1
	0.7 ± 0.1
	1.1 ± 0.6
	-0.1 ± 0.1

	
	CMC/mM
	~0.01
	~1
	~30
	~50

	Island formation likely
	Yes
	No

	Simulation

	
	 8
	 6

	 
	3.8
	4.2
	4.5
	3.8
	4.2
	4.5

	K / 104
	5.2
	5.1
	4.9
	1.6
	2.2
	2.7

	
	0.9
	1.3
	1.6
	0.1
	0.5
	0.7

	
	0.95
	0.97
	0.97
	0.79
	0.93
	0.96



[bookmark: _Hlk130388195]Since the SFG amplitudes are directly proportional to the surface coverage and the orientational average (see discussion above as well as details section), a linear relation with slope 1 is indicative for a negligible change in molecular orientation and that the amplitude is only dependent on the surface coverage, while for nonlinear dependences the change in amplitude with coverage indicates changes in molecular orientation. The superlinear change in amplitude as seen for octyl-AAP in its E configuration (Figure 8a) is clearly dominated by the highly ordered layer that establishes already at low coverages and the increase in net orientation perpendicular to interface outperforms the increase in . This can be associated to the stickiness of the surfactant where the longer hydrophobic tail promotes island formation similar to what has been observed in our simulations (Figure 5a) where at submonolayer coverage (e.g.  a highly orientated layer is formed (Figure 8c). 
	[image: ]

	Figure 8 Normalized SFG amplitudes of the aromatic C-H band at ~3065 cm-1 from (a) octyl-AAP and (b) H-AAP surfactants at the air-water interface as a function of their surface coverage  and E/Z photo-isomerization.  was determined by NR (Figure 3). Solid lines guide the eye. The dashed line equals the values where  equals the norm. SFG amplitudes. As explained in the main text, SFG depend on  as well as on the orientational average of the molecular hyperpolarizability. Therefore, we compare the experimental results in (a) and (b) with the results from our simulation, where we present in (c) and (d) the change in orientation vs surface coverage  For that we use the angle  of the surface adsorbed molecules vs the surface plane (see inset). 



This situation is different for the octyl-AAP surfactant in its Z configuration where a sublinear change of  is seen, indicating a slower increase net orientation perpendicular to the interface with . The sublinear change of  is even more pronounced for the H-AAP surfactant in both configurations, where high surface coverages are needed in order to drive the surfactant in a more ordered state. Clearly, the H-AAP surfactant in contrast to the octyl-AAP, is less capable of developing attractive interactions that assembles the molecules into islands at the interface. Indeed, a close comparison of the experimentally determined Frumkin parameter  with the ones from simulations in Table 1, shows that  or larger is required to accommodate similar interaction parameters  as seen in the experiments with octyl-AAP (E). These considerations offer further support to our previous observation that the octyl-AAP surfactants are more ‘sticky’ and can form islands at submonolayer coverage, whereas for H-AAP surfactants with no terminal alkyl chain, this ability is drastically reduced. 
At this point, we have to emphasize that the experimental results presented in Figure 8 do not capture the surfactants’ efficiency and can only provide information on the structural changes with coverage as discussed above. However, Table 1 summarizes the effectiveness of the surfactants in terms of CMC, equilibrium constant  and the Frumkin parameter .
The key parameters of our ultra coarse-grained model, namely the particle-particle and particle-interface interaction, are selected such that the equilibrium constant and the Frumkin constant are both in the range of the experimentally observed ones for H-AAP. The simplicity of the ultra coarse-grained model does not allow a much closer quantitative comparison. Nevertheless, it has the advantage to learn about the mechanisms by either a careful microscopic study of the dynamic processes or a systematic variation of the model parameters. Furthermore, the simulations show modifications of the Frumkin isotherm which are caused by the frequent attempted adsorption (see Figure 7 and subsequent discussion). In addition, simulations can resolve both island formation as well as orientational changes of the particles as a function of the parameters  and . Of course, features, which are related to additional molecular details like, e.g, the flexibility of the alkyl-chain of octyl-AAP, cannot be captured by this model and more microscopic models would be required.

CONCLUSION
We have used complementary surface tensiometry, vibrational sum-frequency generation spectroscopy and neutron reflectometry experiments as well as ultra coarse-grained simulations in order to study the adsorption of arylazopyrazole surfactants with H- and octyl- terminal groups at the air-water interface. Octyl-AAP is a highly effective surfactant with a low CMC (Table 1), excellent responsiveness between E and Z configurations and shows massive changes in interfacial molecular structure and surface tension ( mN/m). Combining the results from experiments and simulations, the formation of islands with octyl-AAP surfactants at submonolayer coverage is proposed and is likely linked to the excellent performance of octyl-AAP as a photoswitchable amphiphile. The property changes of the H-AAP surfactant are different as this molecule exhibits much smaller changes as a function of light irradiation, while the efficiency of H-AAP as a surfactant is also much lower (Table 1). Qualitatively, these effects can be reproduced by the simulations via variation of the particle-particle and particle-interface interaction parameter. Clearly, the substantial differences between both AAP surfactants must be associated to the length of the terminal alkyl chain. In case of octyl-AAP, the octyl tail can accommodate much higher lateral interactions at the air-water interface, while the change in hydrophobic properties when switching between E and Z states is also more pronounced. This renders the octyl-AAP surfactant highly interesting also to other applications where adsorption of surfactants and property changes at soft matter interfaces and their remote control with light irradiation is desirable.
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