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Interfaces that can change their chemistry on demand have huge potential for applications and are

prerequisites for responsive or adaptive materials. We report on the performance of a newly designed n-

butyl-arylazopyrazole butyl sulfonate (butyl-AAP-C4S) surfactant that can change its structure at the air–

water interface by E/Z photo-isomerization in an unprecedented way. Large and reversible changes in

surface tension (Dg ¼ 27 mN m�1) and surface excess (DG > 2.9 mmol m�2) demonstrate superior

performance of the butyl-AAP-C4S amphiphile to that of existing ionic surfactants. Neutron

reflectometry and vibrational sum-frequency generation spectroscopy reveal that these large changes

are caused by an unexpected monolayer-to-bilayer transition. This exceptional behavior is further shown

to have dramatic consequences at larger length scales as highlighted by applications like the light-

triggered collapse of aqueous foam which is tuned from high (>1 h) to low (<10 min) stabilities and light-

actuated particle motion via Marangoni flows.

Introduction

Smart surfaces and interfaces can respond to external stimuli

such as light, temperature or magnetic elds and change their

physicochemical properties on demand. They have great

potential to serve as hierarchical elements for responsive

functional materials,1–3 light-induced actuation4,5 and have

prospects to be developed further for adaptive materials with

self-healing or self-learning functions. Prerequisites for such

functions are distinct, precise and reproducible control of

interfacial properties. Such control can be achieved by tuning

molecular self-assembly through the use of an external stim-

ulus.2,6 Here, so interfaces are of great interest because they

allow fast and reversible recongurations, e.g., by de- or

adsorption of molecules triggered by an external stimulus.7–11

For example, tuning the properties of uid interfaces helps to

develop smart foams with self-healing and adaptive func-

tions.3,12 In addition, Marangoni ows can be used to pattern or

aggregate particles precisely and independently of their size in

the tailoring of 2D colloidal crystals.13,14

Previous work on photoswitchable surfactants that undergo

photo-isomerization reactions from E to Z conformations when

irradiated with UV and blue light has concentrated mostly on

non-ionic azo surfactants with surface tension changes as high

as �29 mN m�1 upon photoswitching.15,16 However, informa-

tion on dynamic changes at interfaces like surface excess and

structural information on the molecular level have not been

obtained in detail, yet. That is particularly true for water-soluble

photoswitches that have much greater potential to serve as

building blocks for responsive as well as active colloids and

interfaces. To study the underlying mechanism, kinetically

resolved measurements at interfaces far outside local17 or global

equilibria are required. In addition, for most azobenzene

derivatives switching is incomplete due to a large spectral

overlap of both isomers. Recently, Stricker et al.18,19 showed the

potential of arylazopyrazoles (AAPs) as a new class of photo-

switches in aqueous solutions, which exhibit optical properties

superior to azobenzene derivatives and which were rst intro-

duced by Weston et al.20 Particularly, the smaller spectral

overlap18 of E and Z isomers, as well as a more favourable

photostationary state, which allows switching of >90% of the

molecules, makes AAP derivatives highly interesting as molec-

ular building blocks for responsive air–water interfaces.19,20

In this work, we have studied a newly designed AAP deriva-

tive – sodium n-butyl-arylazopyrazole butyl sulfonate (butyl-
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AAP-C4S, Fig. 1a) – that is shown to achieve massive changes in

the physicochemical properties at the air–water interface which

are attributable to an unexpected monolayer-to-bilayer transi-

tion. This transition is unique for the molecule we describe in

this paper, which can be used to explain the superior perfor-

mance of this new water soluble butyl-AAP-C4S photoswitch.

A prerequisite to unravel the monolayer-to-bilayer transition

is a structural investigation of equilibrium and non-equilibrium

properties that have not been discussed in detail so far. In fact,

for the latter we combine the results of vibrational sum-

frequency generation (SFG) spectroscopy, surface tensiometry

and neutron reectometry (NR) where NR yields a model-free

quantication of the surface excess and SFG reveals structural

aspects of the interface. Both SFG and NR are inherently

interface specic methods where the SFG amplitude Aq f Ghbqi

of a vibrational band is a function of both the surface excess G

and the orientational average h/i of the molecular hyper-

polarizability bq, while tted models of the NR data provide the

density prole of molecules (or parts of molecules) normal to an

interface (see Experimental details). Therefore, a comparison of

the two techniques can reveal information about changes in the

orientation, structure and coverage of interfacial molecules.

Using this combined approach, we rst quantify changes in

surface tension, surface excess and molecular order to examine

the performance of the new surfactants. Finally, the experi-

ments are complemented by two experimental demonstrations

of potential applications, which show that the unprecedented

monolayer-to-bilayer transition of butyl-AAP-C4S surfactants at

the air–water interface can be exploited for applications where

the surfactant serves as a versatile building block for highly

photo-responsive foams and light-actuated particle motion.

Results and discussion

The equilibrium surface tension of butyl-AAP-C4S photo-

switchable surfactants as a function of bulk concentration is

shown in Fig. 1b for irradiation with 520 nm green and 365 nm

UV light. Green and UV light can cause E to Z isomerization

reactions of the amphiphiles, which we have conrmed by 1H

high-resolution magic-angle spinning (HR-MAS) NMR spec-

troscopy (ESI†). In particular, 1H HR-MAS NMR demonstrates

an extremely favorable photostationary state (PSS) with >99% E

to Z switching and complete recovery of the E isomer at 6 mM

(see Fig. S1†). This is an outstanding performance as other AAP

and azo moieties have been reported to have a PSS of >98% (ref.

18 and 20) and <80%.21 For <5 mM butyl-AAP-C4S, the equilib-

rium surface tension of the air–water interface is systematically

lower when the samples are in the E state compared to the Z

state (Fig. 1b), while for >5 mM the surface tension for the

surfactants in the E state reaches a plateau at a higher value.

These two differences can be attributed to the different

critical micelle concentrations (CMCs) of the butyl-AAP-C4S

surfactants in the bulk solution and the different equilibrium

constants for ad/desorption, respectively. The CMCs are 0.7 and

5 mM for the surfactants having E and Z conformations,

respectively, and can be directly inferred from the kinks in the

isotherms of Fig. 1b. From this analysis, we can conclude the

relative surface activity of the E and Z isomers, with the E isomer

being more surface active. The surface tension change Dg upon

photoswitching is as high as 27 mN m�1 for 0.5 mM butyl-AAP-

C4S and is, therefore, much higher than those of the previously

reported cationic amphiphiles, with a difference of �20 mN

m�1.7,8,15 This performance of the butyl-AAP-C4S surfactant is

close to the 29 mN m�1 of nonionic surfactants reported by

Shang et al.15 The fact that this performance is achieved for an

ionic surfactant is remarkable as small changes in surface

coverage and charge density can easily destabilize these

systems, as is demonstrated below.

To gain detailed information about the structural changes of

butyl-AAP-C4S photoswitches at the air–water interface, we have

performed experiments with NR and SFG spectroscopy. In

Fig. 1 (a) Structures of butyl-AAP-C4S surfactants without Na+

counterions in E (520 nm green light) and Z (365 nm UV iight)
conformations. (b) Equilibrium surface tension isotherms of butyl-
AAP-C4S surfactants in the E (green symbols) and Z state (blue
symbols) and isotherms (solid lines) from the Frumkin model using the
maximum surface excess Gmax from NR. (c) Surface excess G from the
low-Q analysis method of NR (see Experimental details) of butyl-AAP-
C4S surfactants at the air–water interface in equilibrium. Here green
and blue circles indicate samples irradiated with green and UV light
with the surfactants in the Z and E states, respectively. (c) The SFG
amplitudes Aq f Ghbqi from symmetric S–O stretching vibrations of
the surfactants in the E (green squares) state and the Z (blue squares)
state. Solid lines in (c) show the surface excess that is taken from the
Frumkin isotherm fitted to the surface tension in (b). Dashed lines
guide the eye, while colour shaded areas indicate the relative differ-
ence between G from NR and the SFG amplitude Aq f Ghbqi.
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Fig. 1c, the surface excess G (the number of molecules per

surface area) of butyl-AAP-C4S surfactants from the low-Q

analysis of NR as a function of the bulk concentration is shown

for surfactants in E and Z conformations, when the samples

were irradiated with green und UV light, respectively. Note that

Q is the momentum transfer normal to the interface and that

G ¼
rs

NA

X

bi
(1)

can be calculated in an NR experiment from the scattering

length density r, the tted layer thickness s, the scattering

length b of each atom i in each interfacial surfactant molecule,

and the Avogadro number NA. More information on this new

model-free implementation of the technique can be found in

the experimental section and in a recent review.22 From a close

analysis of the results in Fig. 1c, the largest change in surface

excess G from one equilibrium state to the other (E to Z) occurs

for a concentration of 0.25 mM butyl-AAP-C4S with a surface

excess of 3.60 mmol m�2 when the surfactants were in the E state

and 0.66 mmol m�2 for the corresponding Z state. In order to

analyze the data in Fig. 1b in more detail and to compare them

with the results in Fig. 1c, we have tted the surface tension

isotherms using a Frumkin model

KC ¼
q

1� q
e�aq (2)

which is typically assumed for the monolayer adsorption of

simple surfactants.23,24 Fits were performed assuming the

equation of state of singly charged surfactants

g(c) ¼ g0 + 2GmaxRT[ln(1 � q) + aq2] (3)

where K is the equilibrium constant for adsorption and

desorption of surfactants at the air–water interface, C the

surfactant bulk concentration, a the interaction parameter,

Gmax the maximum surface excess of the monolayer at concen-

trations larger than the bulk CMC and g0 the surface tension of

the neat interface without the presence of surfactants. In

addition, q ¼ G/Gmax is the surface coverage, which equals 1

when a monolayer with Gmax has been formed.24 For the tting

procedure, we have used Gmax from our NR experiments (Fig. 1c)

as input parameters for the ts. This approach gives good

agreement with the experimentally observed equilibrium

surface tension g when a and K were allowed to vary freely in the

tting procedures. The values of a are relatively large at 1.6

possibly due to high p-stacking of interfacial surfactants.

Comparing the model free surface excess (NR) with the one

from the Frumkin model, we nd excellent agreement in case

where the surfactants were in the E state. This can be directly

inferred from the excellent overlap of the surface excess (solid

green line in Fig. 1c) taken from the Frumkin t in Fig. 1b, with

the NR data shown in Fig. 1c (green circles). We can also notice

for the surfactants being in the E conformation that the SFG

amplitudes Aq f Ghbqi and the surface excess G ovelaps only at

the limiting surface excess, which is reached at or above the

CMC of surfactants. Below the CMC, the mismatch between G

and Aq f Ghbqi as indicated by the colour-shaded areas in

Fig. 1c must be associated with the changes in the orientational

average of the hyperpolarizability hbqi. Thus, the molecular

order of the interfacial layer increases with increasing concen-

tration and is likely caused by attractive lateral interactions

within the close-packed interfacial layer of surfactants.

Although modelling of the surface tension of the surfactants

in the E conformation clearly reproduces the surface excess G as

seen from NR, the same modelling of the results from samples

in the Z state clearly fails to reproduce the NR data (Fig. 1c),

even though the changes in surface tension (Fig. 1b) between

the model t and experimentally observed surface tensions are

in good agreement. Application of the Frumkin model, there-

fore, appears not to be valid for butyl-AAP-C4S surfactants in the

Z conformation. Furthermore, the difference between the

surface excess G and the SFG amplitude Aqf Ghbqi of molecules

in the Z conformation is extreme for concentrations below the

CMC (see the blue shaded area in Fig. 1c) because the SFG

amplitude is negligible, while the surface excess is still quite

substantial. This large difference for concentrations <5 mM

must be directly related to the orientational average hbqi with

the interfacial surfactants realizing structures with local cen-

trosymmetry which cancel the SFG signals due to symmetry

reasons (hbqi ¼ 0). This is clearly different for concentrations >5

mM, which is the bulk CMC when the molecules are in the Z

state and is discussed in detail below.

In order to gain insight into the apparent interfacial rear-

rangements caused by photo-isomerization, we have charac-

terized the structures that self-assemble at the interface in the

two equilibrium states (Z vs. E) using NR. For that, the NR data

were recorded in 4 isotopic contrasts using partially deuterated

and fully hydrogenous surfactants in both D2O and air contrast

matched water (ACMW), which is 8.1% by volume D2O in H2O,

over the full Q-range. These data were simultaneously tted for

each system to a common structural model of stratied layers

normal to the interface separated by capillary wave roughness

(details are in the Experimental part and in the ESI†). From NR

it is found that a layer thickness of 17 Å is created for both E

and Z conformations with the molecules adopting a volume

fraction of 65% in the former case and 53% in the latter case

(Fig. 2a and b). To place these results in the context of the size

of the molecule (Fig. 1a), it may be noted that the extended

length of the molecule is z18 Å when the butyl-AAP-C4S

molecule is in the E conformation, which reduces to z12 Å in

the Z conformation. Consequently, the modeled NR data

indicate that there is a relatively dense monolayer of butyl-AAP-

C4S surfactants in the E conformation and amore hydrated and

straddled (or intercalated) bilayer when the surfactants are in

the Z state, which are schematically illustrated in Fig. 2c and d,

respectively. In the latter case, the prevailing centrosymmetric

environment can explain the complete loss of the SFG signal

for surfactant concentrations <5 mM, when they are switched

from the E to the Z state (Fig. 1c). This is clearly different at

concentrations >5 mM, where no change in the SFG amplitude,

surface excess and layer thickness (ESI, Fig. S6†) as a function

of light irradiation is observed. At concentrations >5 mM, the

close-packed interfacial layer of surfactants is likely to be

sterically arrested in the E state due to strong lateral

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 2085–2092 | 2087
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interactions resulting in a loss of its responsiveness to the light

stimulus. In fact, this is similar to photo-switchable self-

assembled monolayers which also lose their light-responsive

function, when their packing becomes too dense.25

At this point, we need to stress that the presented structures

are consistent with our experimental observations, but they are

also a highly schematic representation of the interfacial struc-

ture. A more detailed resolution of the specic molecular

congurations is, however, outside the scope of this study.

The surprising monolayer-to-bilayer transition for an

amphiphilic photoswitch is unprecedented and in fact can

explain the origin of the unique performance of this surfactant

in the applications we present below. We attribute this unex-

pected result to the bipolar character of Z-butyl-AAP-C4S, which

is caused by the exposed polar azo group at one end of the

molecule and the sulfonate head group at the other end,

resulting in the observed bilayer structure.

This intriguing interfacial rearrangement of butyl-AAP-C4S

upon photoswitching raises the question what actually

happens during the conversion of one interfacial structure to

the other. As such, we sought to resolve the photoswitching

mechanism in real time using the same powerful set of

techniques: surface tensiometry, SFG spectroscopy (S–O

amplitudes) and the low-Q analysis method of NR (model-free

surface excess).

During four cycles of photoswitching for 0.5 mM butyl-AAP-

C4S (chosen due to the largest Dg; Fig. 1b), a fast increase in the

surface tension is observed for E to Z transitions, while the

reduction in surface tension caused by the transition from the

equilibrated Z to the E state is much slower (Fig. 3a). Further-

more, during two cycles of photoswitching for 0.25 mM butyl-

AAP-C4S (chosen due to the largest DG; Fig. 1c), there is

a complete loss in the SFG signal for switching from the E to the

Z state on a time scale of just a few seconds (Fig. 3b), while the

reappearance of the SFG signals by switching from the Z to the E

conformation under constant green irradiation takes several

minutes. The relative time scales of the response of the inter-

facial properties to the light stimulus are therefore qualitatively

consistent for SFG spectroscopy and surface tensiometry. On

the other hand, the kinetic changes in the surface excess G(t) in

an equivalent NR experiment are strikingly different. In this

case, there is a slower decrease in the surface excess for E to Z

(>10 min) transitions than the corresponding increase for

switching from the Z to the E state (�1 min). We will in the

Fig. 2 Neutron reflectivity profiles (data points) and optimizedmodel fits (solid lines) of the 0.5mMpartially deuterated butyl-AAP-C4S surfactant
at the air–D2O interface for green (a) and UV (b) irradiation; in the latter case, simulated (non-optimized) fits of a monolayer with a thickness of
11 Å are also shown (dashed-dotted lines) to demonstrate that the presence of a monolayer of surfactant molecules in their Z conformation is not
supported by the experimental data. Fitting results for other NR contrasts are shown in the ESI.† Schematics of a monolayer-to-bilayer transition
of butyl-AAP-C4S surfactants at the air–water interface: (c and b) structures for green and UV irradiation, respectively, when the air–water
interface is in thermal equilibrium; (e and f) show suggested transition structures that are formed immediately after the E to Z and Z to E photo-
isomerization reactions, respectively. Note that the presented schematics show possible structures that may be formed at the interface in spite of
the simplification of representing quasi-three dimensional structures in two dimensions. We also point out that the sulfonate head groups are
likely not in the same plane for electrostatic reasons. Solvating water molecules and counterions are not shown for clarity.

2088 | Chem. Sci., 2020, 11, 2085–2092 This journal is © The Royal Society of Chemistry 2020
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following rationalize these different responses in the context of

the monolayer/bilayer transition elucidated above in order to

formulate an interfacial mechanism during photoswitching.

In switching from a relatively dense monolayer with the

surfactants in the E conformation to a more hydrated bilayer

with the surfactants in the Z state, a fast loss of the molecular

order (SFG) and an increase in surface tension are accompanied

by a slow reduction in surface excess (NR). We infer that the

monolayer-to-bilayer transition occurs quickly aer the trans-

formation from E to the sterically more demanding Z confor-

mation, which can be interpreted in terms of a rearrangement

of half of the surfactant molecules from the monolayer to adopt

positions in the lower leaet of the bilayer. The rearrangement

further leads to a molecular conguration having inversion

symmetry that annuls the SFG signals with a lower surface

coverage, hence, resulting in a sharp increase in surface tension

(schematic in Fig. 2c). As a bilayer pair of Z surfactant molecules

is less amphiphilic (and thereby less surface active) than

a single E isomer in the monolayer, molecules desorb from the

interface, lowering the surface excess slowly without signicant

further changes in the molecular order or surface tension.

Conversely, in switching from the bilayer (Z conformation) to

monolayer (E conformation), a fast increase in surface excess

(NR) is followed by a slower gain in the molecular order (SFG)

and a reduction in surface tension. In this case, we infer that the

adsorption of additional surfactants from the sub-surface to the

interface is fast as the E isomer is more surface active than the Z

isomer (schematic in Fig. 2d). However, the transition to

a complete monolayer, which results in a loss of the inversion

symmetry giving rise to the SFG signal and reduces the surface

tension, is relatively slow.

This interfacial picture is similar to other self-assembly

processes like the formation of self-assembled monolayers at

solid surfaces, where the close to maximum surface excess is

established relatively fast but the assembly into the nal highly

ordered structures takes place on time scales of many hours.26,27

Analogous effects at uid interfaces have so far not been re-

ported, and indeed resolution of a structural mechanism of

surfactant photoswitching at the air–water interface is without

precedent.

Turning to the application of butyl-AAP-C4S, Fig. 4a presents

the results for aqueous foams prepared from 0.5 mM butyl-AAP-

C4S (maximum Dg upon photoswitching; Fig. 1b). The foam

lifetime in terms of decreasing foam height was [1 h when

irradiated with green light, which is dramatically reduced to

�150 s when the foam is irradiated with UV light. Clearly, the

above discussed changes at the molecular level of the air–water

Fig. 3 E/Z switching kinetics for changes in irradiation from 520 nm
(green symbols) to 365 nm (dark blue symbols) light and vice versa: (a)
dynamic surface tension g(t) of 0.5 mM butyl-AAP-C4S, (b) time-
resolved S–O amplitudes of 0.25 mM butyl-AAP-C4S from the kinetic
SFG spectra shown in the ESI,† and (c) changes in surface excess G of
0.25mMbutyl-AAP-C4S asmeasured by the low-Q analysismethod of
NR (see Experimental section). Strikingly, timescales of changes in the
surface excess are almost inverted with respect to the data from the
other two techniques.

Fig. 4 (a) Foam height as a function of foam age for solutions with 0.5
mM butyl-AAP-C4S photoswitches. Measurements under 365 nm UV
and 520 nm green light irradiation are indicated by blue and green
colours. (b) Schematic presentation of light-actuated Marangoni flow
of surfactants (molecules not shown) caused by local surface tension
gradients when the AAP modified air–water interface is irradiated
locally with UV light. In addition, experiments where carbon particles
are spread at the air–water interface from 0.5 mM butyl-AAP-C4S and
the sample was irradiated locally with 365 nmUV light but globally with
520 nm are shown. Full video sequences are available online in the
ESI.†
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interface have also dramatic consequences at a macroscopic

level. Furthermore, the observed foam lifetime for green irra-

diation (E conformation) is much higher than that observed

previously for other photo-surfactants, where the process has

been shown to take several minutes.9,10

Aqueous foams are inherently interface controlled, where

the macroscopic properties can be tailored at the molecular

level through structure–property relations.2,28 Since the surface

excess of an ionic surfactant such as butyl-AAP-C4S determines

the interfacial charging state, the latter is reduced when the

samples are irradiated with UV light. This reduction in surface

charge density leads to a considerable reduction in the elec-

trostatic disjoining pressure P(h), which results in coalescence

and bursting of foam bubbles.29

In the case of AAP stabilized foams, the electrostatic dis-

joining pressure is the main driving force in foam stability,2 and

clearly the use of butyl-AAP-C4S surfactants can render aqueous

foam even more responsive to light irradiation. Indeed, the

above described massive and fast light-induced changes at the

air–water interface have potential to collapse foam aer its

desired application, enabling an easy foam removal and recy-

cling of its ingredients in an environmentally friendly way

without using antifoaming agents.

Another possibility to exploit the potential of butyl-AAP-C4S

via E/Z photo-isomerization in applications involves Marangoni

ows4,30 at the air–water interface, an effect that can be exploited

to move micro- and nanoparticles into ordered structures at

a uid interface in the formation of colloidal crystals.13 A proof

of this concept is shown in Fig. 4b, where >100 mm carbon

particles were spread at the air–water interface, aggregated, and

moved using light-actuated Marangoni ows of butyl-AAP-C4S

during photoswitching. Due to the massive and fast changes in

the interfacial structure, surface excess, and surface tension

upon photoswitching, the visible Marangoni effects where

interfacial surfactants migrate along existing surface tension

gradients extended over several millimetres away from the UV

beam, and the particles were dragged along the surfactant ow

eld (see ESI videos online†).

In comparison with the results of previous studies,4,13 the

resulting forces produced for this system were quite remarkable

as agglomerates of several millimetres were transported over

distances >10 mm remotely by photoswitching on demand (see

ESI videos online†).

Conclusions

Air–water interfaces modied with a new photoswitchable

surfactant, butyl-AAP-C4S, have been studied using surface

tensiometry, vibrational sum-frequency generation spectros-

copy and neutron reectometry. Using this powerful approach,

rst we demonstrate that dramatic changes in the surface

tension and surface excess can be caused by E to Z photo-

isomerization of the surfactant. The experimental evidence

from complementary methods points to an unexpected mono-

layer-to-bilayer transition of the surfactant at the air–water

interface, which is attributed to the unique molecular structure

of butyl-AAP-C4S whose amphiphilicity varies in the two

isomers. The transition structures adopted at the interface

during photoswitching are proposed in an unprecedented

resolution of the structural mechanism and are key to the

superior performance of this new surfactant. Thus, for interface

modications, butyl-AAP-C4S seems to be the perfect photo-

switch because of the unprecedented monolayer-to-bilayer

transition which we have shown for the rst time.

The performance of the new surfactant based on the

underlying monolayer to bilayer transition was demonstrated in

two applications: (i) highly photo-responsive aqueous foams

where the foam stability can be tuned from hours to minutes

using green and UV light irradiation, respectively, and (ii) light-

triggered Marangoni ows where a localized light stimulus

resulted inmassive and long-range particle movements. Clearly,

these properties of butyl-AAP-C4S, not only at the molecular

level but also at mesoscopic and macroscopic length scales,

show great potential to be exploited as building blocks of

adaptive materials in the future.

Experimental section
Vibrational sum-frequency generation (SFG) spectroscopy

SFG spectroscopy is an inherent interface specic method for

materials with inversion symmetry and is based on a second-

order nonlinear optical process. In a simplied form, the SFG

intensity can be written as follows.31

ISFf

�

�

�

�

�

c
ð2Þ
NR þ

X

q

Aq

uq � u� iGq

�

�

�

�

�

2

(4)

where, c(2)NR, Gq, and uq are the nonresonant contribution to the

second-order susceptibility, the Lorentzian linewidth, and the

resonance frequency of the qth vibrational mode, respectively. In

addition, Aq f Ghmqaqi ¼ Ghbqi is the amplitude of the mode q,

and is directly related to the surface excess G of amphiphilic

molecules as well as to the orientational average of both the

dynamic dipole moment mq of molecules and their Raman polar-

izability aq.
32,33 This orientational average has far reaching impli-

cations as only molecules or vibrational modes in non-

centrosymmetric environments can contribute to SFG signals. For

this reason, SFG is inherently interface specic for materials with

centrosymmetry such as liquids and gases. At interfaces, like the

air–water interface in this study, the centrosymmetry of the bulk is

necessarily broken and both the polarity as well as the magnitude

of the SFG amplitude of a vibrational band are determined by the

net molecular orientation of interfacial species. However, molec-

ular structures at interfaces can also be centrosymmetric, which

would render such structures ‘silent’ in the SFG spectra. As an

example the reader is referred to close-packed self-assembled

monolayers27,32 with a long alkyl chain in the all-trans conforma-

tion. Here, themethylene groups exhibit local centrosymmetry and

their symmetric stretching mode does not contribute to the SFG

spectra.27 Note that the above expression can also be used to t the

experimental SFG spectra with model functions, e.g., using Lor-

entzian line shapes as in eqn (4). Indeed, this approach was used

in order to obtain more quantitative information from the SFG

spectra. If not noted otherwise the SFG spectra were recorded in

2090 | Chem. Sci., 2020, 11, 2085–2092 This journal is © The Royal Society of Chemistry 2020
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SSP polarizations. Details of the SFG spectrometer which was used

in this study can be found elsewhere34 and in the ESI.†

Neutron reectometry (NR)

Two different implementations of NR were used to resolve

either the dynamic surface excess or the interfacial structure of

butyl-AAP-C4S at the air–water interface. The FIGARO instru-

ment at the Institut Laue-Langevin (Grenoble, France) was

used.35 The time-of-ight instrument was used with a broad

chopper pair dening the neutron pulses to exploit high ux at

the expense of loose resolution of 8% (FWHM) in the

momentum transfer, Q, given by

Q ¼
4p sin q

l
(5)

where q is the incident angle and l is the wavelength.

In the rst implementation of NR, the recently established

method of low-Q analysis was used,36 where data were recorded

only at q ¼ 0.62� and in the range of l ¼ 2–16 Å, and they were

reduced only in the range l ¼ 4.5–12 Å to give the Q-range 0.01–

0.03 Å�1. This approach desensitized the measurements to the

interfacial structure. This method has been used to good effect

in the last few years to resolve kinetic and dynamic processes at

uid interfaces.22 The measurements were carried out on

normal hydrogenous and partially deuterated surfactants on

a subphase of ACMW, which has zero scattering length density,

hence, the specular reection is dominated by the signal from

the adsorbed surfactant. As a result, the low-Q range and the

nature of the measurements, a single mixed interfacial layer of

surfactant tails and headgroups was used to t the data. The

surface excess G is calculated from eqn (1) as stated above. The

background was not subtracted from the data, and the value of

the background used in the model was 3.48 � 10�5 as derived

from measurements of pure ACMW.

In the second implementation of NR, the data were recorded

at q ¼ 0.62� and 3.8� in the range of l ¼ 2–30 Å. The measure-

ments were carried out both on hydrogenous and partially

deuterated surfactants on subphases of both ACMW and D2O. A

common structural model of stratied layers normal to the

interface was applied simultaneously to the data recorded in all

four isotopic contrasts. The general modelling principles out-

lined in a recent paper37 were followed. Here, an upper layer of

surfactant chains had a tted thickness, a lower layer of

surfactant headgroups had its solvation constrained so that the

number of chains and headgroups was equal, and capillary

wave roughness was calculated from the surface tension. As the

molecules in this study include double bonds that result in

constrained molecular orientations, the volume fraction of the

layer of chains was tted rather than being constrained to 1. For

this measurement, the background was subtracted from the

data. In the experiment, samples were measured in sequence on

the standard 6-position sealed adsorption trough sample

changer of the instrument. The lids of the trough were specially

adapted to hold green and UV LEDs positioned 2.2 cm above the

center of each liquid surface. The data were analysed using

Motot.38
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11 (a) J. Cheng, P. Štacko, P. Rudolf, R. Y. N. Gengler and

B. L. Feringa, Angew. Chem., Int. Ed., 2017, 129, 297; (b)

A. Theodoratou, U. Jonas, B. Loppinet, T. Geue,

R. Stangenberg, D. Li, R. Berger and D. Vlassopoulos, Phys.

Chem. Chem. Phys., 2015, 17, 28844; (c) A. Mamane,

E. Chevallier, L. Olanier, F. Lequeux and C. Monteux, So

Matter, 2017, 13, 1299.

12 A. Carl and R. von Klitzing, Angew. Chem., Int. Ed., 2011, 50,

11290.

13 J. Vialetto, M. Anyfantakis, S. Rudiuk, M. Morel and D. Baigl,

Angew. Chem., Int. Ed., 2019, 58, 9145.

14 (a) E. V. Yakovlev, K. A. Komarov, K. I. Zaytsev,

N. P. Kryuchkov, K. I. Koshelev, A. K. Zotov,

D. A. Shelestov, V. L. Tolstoguzov, V. N. Kurlov, A. V. Ivlev

and S. O. Yurchenko, Sci. Rep., 2017, 7, 13727; (b)

A. Diguet, R.-M. Guillermic, N. Magome, A. Saint-Jalmes,

Y. Chen, K. Yoshikawa and D. Baigl, Angew. Chem., Int. Ed.,

2009, 48, 9281; (c) A. Goulet-Hanssens, C. Rietze, E. Titov,

L. Abdullahu, L. Grubert, P. Saalfrank and S. Hecht, Chem,

2018, 4, 1740.

15 T. Shang, K. A. Smith and T. A. Hatton, Langmuir, 2003, 19,

10764.

16 (a) P. Brown, C. P. Butts and J. Eastoe, So Matter, 2013, 9,

2365; (b) R. C. Ahuja, J. Maack and H. Tachibana, J. Phys.

Chem., 1995, 99, 9221; (c) J. Maack, R. C. Ahuja and

H. Tachibana, J. Phys. Chem., 1995, 99, 9210.

17 E. H. G. Backus, J. M. Kuiper, J. B. F. N. Engberts, B. Poolman

and M. Bonn, J. Phys. Chem. B, 2011, 115, 2294.
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