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ABSTRACT: 

Polysiloxanes exhibit practical properties not observed in carbon- or carbon-oxygen backbone 

polymers. Linear ionic polysiloxanes containing an amine hydrochloric salt exhibit a humidity-

induced self-assembly (HiSA) behavior. HiSA leads to nanoscale structuring by the uptake of 

absorbed water around the ionic aggregates of the polymer, promoting the hydrophilic-

hydrophobic phase separation of the polymer. The resulting polymer forms a self-assembled 

lamellar nanostructure with a period of ca. 1.6 nm. Herein we investigate the factors affecting the 

HiSA behavior. Introducing a dimethyl siloxane unit into the ionic polysiloxane achieves a more 

ordered lamellar structure and improves the nanostructure stability at higher humidities. The 

flexibility of the polysiloxane backbone, formation of ionic aggregates, and hydrophilic-

hydrophobic phase separation affect the HiSA behavior. This nanoscale assembly can be 

characterized as a lyotropic liquid crystal formed with the assistance of ion aggregation instead of 

the hydrophobic effect in aqueous systems of ordinary surfactants. 

 

INTRODUCTION 

Polysiloxanes are found in highly functional materials in diverse fields because they exhibit 

practical properties not observed in carbon- or carbon-oxygen backbone polymers.1–7 These 

include flexibility, biocompatibility, weather resistance, gas permeability, and transparency. 

Polysiloxanes with a network structure are used as the inorganic components of organic-inorganic 

composite materials. Combining silica and polysiloxane networks with a liquid crystalline 

template serves as a framework for various mesoporous materials.8–14 On the other hand, the high 
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flexibility of linear polysiloxanes induces an amorphous state at room temperature. Linear 

polysiloxanes are used in oils, greases, and shampoos.15–17 Moreover, introducing side chains with 

a high aggregation ability forms a self-assembled nanostructure of linear polysiloxanes at or above 

room temperature.18–22 A similar phenomenon is observed in the case of block copolymers.23,24 

 In polymers and biomembranes, the balance between the hydrophilic and hydrophobic 

parts is responsible for the self-assembled lamellar nanostructures. Most studies on this topic use 

carbon-backbone polymers. Very recently, we reported that introducing an ammonium salt into all 

monomer units of the polysiloxane self-assembles to form a nanoscale lamellar structure without 

a long chain or mesogen.25 Interestingly, this linear polysiloxane in a dry state exhibits an elastic 

modulus and strong adhesive properties comparable to those of carbon-backbone resins.  

 Herein we investigate factors affecting the formation of the lamellar nanostructure. 

Specifically, we examine the influences of the backbone nature, environmental humidity, degree 

of neutralization (ionic state), and the introduction of a hydrophobic dimethylsiloxane (DMS) unit 

in the backbone. Nanostructure formation is a characteristic of the polysiloxane backbone. 

Humidity plays a role in nanostructure ordering. Although humidity-induced self-assembly 

(HiSA) of carbon backbone-based polymers have been explored as functional materials for proton 

conduction26 and humidity-responsive liquid crystal polymer actuators,27,28 the optimal conditions 

for HiSA of flexible linear polysiloxanes have yet to be elucidated. Nanostructure formation in our 

linear polysiloxanes should be based on the lyotropic liquid crystallinity and ion aggregation. This 

mechanism differs from typical lyotropic liquid crystals where aggregation occurs via a 

hydrophobic effect,29−31 a rigid and hydrophobic core with hydrophilic groups at the peripheries 

via a -stack effect26,29,32 steric hindrance effect,33 or hydrogen-bonding interaction.34,35 
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EXPERIMENTAL SECTION 

 Chart 1 shows the effect of the degree of neutralization of a linear polysiloxane using the 

PAmMSn series. The subscript n represents the degree of neutralization. For example, PAmMS100 

indicates a polymer with 100% neutralization (salt form). A PAmMS1-x-co-PDMSx series and a 

carbon-backbone polymer with a similar ammonium side group (PDMAMA-HCl) were used to 

verify the influence of introducing the DMS unit and the effect of the main chain structure, 

respectively. 

 

 

 PAmMS100 was synthesized via the hydrolysis and polycondensation of 3-

aminopropyldimethoxymethylsilane in a hydrochloric acid aqueous solution according to the 

previous report.25 PAmMS100 showed Mn=3.2×103 and Mw/Mn=3.67. To prepare polysiloxanes 

with other degrees of neutralization, non-neutralized polysiloxane (PAmMS0) was synthesized.25 

Although size exclusion chromatography (SEC) analysis of the resulting PAmMS0 was difficult 

due to the strong interaction with the SEC column, the spectra of matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) showed that PAmMS0 

had the same molecular weight and distribution as PAmMS100 (see SI). Adjusting the molar mixing 

PAmMS100n PAmMS1-x-co-PDMSx PDMAMA-HCl

Chart 1. Chemical structures of the polymers. 
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ratio of hydrochloric acid varied the degree of neutralization in the polysiloxanes. Neutralized 

polysiloxanes containing the DMS unit were synthesized by mixing 3-

aminopropyldimethoxymethylsilane and dimethyldimethoxysilane in a hydrochloric acid solution. 

 Approximately 300-nm-thick spin-cast films of these polymers were prepared on a glass 

slide. Grazing-incidence small-angle X-ray scattering [GI-SAXS; FR-E (Rigaku)] and X-ray 

reflectivity [XRR; ATX-G (Rigaku)] measurements under controlled humidity characterized their 

structures. The humidity was controlled using a precise dew-point generator me-40DP series 

(Micro Equipment). A temperature and humidity recorder using an RTR-503 (T&D) monitored 

the humidity in the sample chamber. The supporting information provides details of the synthesis, 

characterizations, and measurements. 

 

RESULTS AND DISCUSSION 

 Figure 1a shows the GI-SAXS images at a relative humidity (RH) of 30% for a PAmMS100 

film. The out-of-plane direction of the substrate shows two scatterings. The scatterings correspond 

to periods of 1.63 nm and 0.82 nm. They are assigned to the 001 and 002 planes of the lamellar 

structure from the ratio of the d-values, respectively. According to a molecular modeling, the side 

group length of the monomer is approximately 0.8 nm. The assumption of bilayer stacked structure 

well explains the lamella spacing (Supporting Information). Figure 1b depicts the formation of the 

periodic structure in which the methyl group covers the free surface (air interface). Covering the 

air interface arranges the main chain and side group orientations of the polysiloxane to neatly 

laminate the lamellar structure onto the substrate.  
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 Figure 1c plots the out-of-plane intensity profiles obtained by GI-SAXS measurements 

upon increasing the humidity starting from the dry state (RH=0%). At RH=0 and 15%, the lamellae 

exhibit only primary scattering. Humidification sharpens the primary scattering and secondary 

scattering appears. Magnification (200-fold) of the secondary scattering shows that the lamellar 
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Figure 1. (a) GI-SAXS image and (b) the structural model of a PAmMS100 film at RH=30%. 

(c) Out-of-plane intensity profiles from humidity-controlled GI-SAXS measurements of 

PAmMS100 films. Insets show magnified data (200 times) of the scattering intensity derived 

from the 002 plane. (d) Humidity-controlled XRR profiles of the PAmMS100 film from 

experimental data (gray) and fitting simulation (red). (e) Thickness and weight change ratio 

changes of the PAmMS100 film with humidification. Weight change ratio data is from reference 

25. Gray dashed line shows the trace of the weight change ratio of the film based on the data at 

lower RHs. (f) Relationship between the lamellar period and film thickness of PAmMS100 film. 
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structure is mostly ordered at RH=30% (Fig. 1c, insets). The primary scattering shifts to a low q 

region with humidification, indicating that the lamellar spacing increases from 1.56 nm (RH=0%) 

to 1.63 nm (RH=30%). 

 This polymer exhibits hygroscopicity.25 The lamellar spacing increases as the absorbed 

water increases. Lamellar scattering abruptly disappears at RH=35%, indicating that the lamellar 

structure dissolves in the presence of water above RH~35%. This easy dissolution indicates that 

layer structuring is assisted by an attractive force due to ion aggregates and that the hydrophobic 

siloxane backbone cannot form a layer. However, a definite nanoscale layer structure is formed 

under optimum humidity conditions. This is a unique characteristic of our present system. 

 Several reports have introduced ionic groups into all monomer units of linear polysiloxanes. 

However, these studies focused on functions such as ion conductivity,36,37 dielectric,38 and 

antimicrobial properties.39 Hence, nanostructure formation via self-assembly under humidification 

has not received much attention. The same polysiloxane in this work was used to investigate an 

ionic self-assembling complex unit with liquid crystal mesogens,40 but the self-assembly of the 

polysiloxane itself was not studied. It should be noted that the self-assembly process can be 

regarded as a new phenomenon, which does not require a long chain or mesogen. Therefore, this 

humidity-induced phenomenon can becalled HiSA. Rigid ladder polysiloxanes containing ionic 

groups in all monomer units form hexagonal structures instead of lamellae, which are stable over 

RH=80%.41 The main chain rigidity may lead to the difference in the morphology and stability of 

the HiSA structure. 

 Figure 1d shows the XRR profiles of this film. The fringe period becomes shorter as the 

humidity increases, suggesting that the film thickness increases as the humidity increases. The film 
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thickness calculated from the fitting simulation is shown in Fig. 1e. We have previously 

investigated the change in polymer weight with humidification (Fig. 1e, light blue circles).25 The 

increased polymer weight can be regarded as the amount of water adsorbed. The increment of the 

water adsorption and the increased film thickness are well correlated up to RH=30%. However, 

the increase in film thickness exceeds the increase in water absorption above RH=35% (Fig. 1e, 

auxiliary dashed line). 

 This deviation may be related to the dissolution of the lamellar structure above RH=35%, 

as indicated by the GI-SAXS measurements (Fig. 1c). We assume that the dissolution of the 

lamellar structure is accompanied by an increase in the free volume of PAmMS100 due to the loss 

of the ordered structure, which leads to the increased film thickness. The XRR measurements 

indicate that the film thickness of the lamellar structure shows a linear correlation with the lamellar 

spacing (Fig. 1f). This observation suggests that the hygroscopic water is selectively incorporated 

between the lamellar layers in the humidified region. 

 Some of the profiles in the low q region do not agree with the experimental results (Fig. 

1d). This deviation probably may arise from the assumption in the fitting that the film has a uniform 

density in the depth direction. It is reasonable that the free surface of the polymer film has a higher 

mobility than the inner part of the film, and the polymer chain in contact with the substrate has an 

even lower mobility.42−44 Polymer films tend to show a density gradient in the depth direction. 

 A methacrylate polymer with a similar side chemical structure was used to assess the role 

of the polysiloxane main chain in nanostructure formation. GI-SAXS measurements under various 

humidity conditions were made for a polymethacrylate containing ammonium salt PDMAMA-

HCl (Chart 1), which was fully neutralized poly[2-(dimethylamino)ethyl methacrylate] (Tokyo 
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Chemical Industry, Mw: 25,000) using hydrochloric acid. PDMAMA-HCl exhibits the same or 

higher hygroscopicity as PAmMS100 (Fig. 2a).25 In contrast, characteristic scattering is not 

observed under any humidity conditions up to 90% (Fig. 2b), indicating that PDMAMA-HCl does 

not form the HiSA structure. Thus, main chain flexibility of PAmMS100 should be important for 

HiSA nanostructure formation. 

 

 

 Next, GI-SAXS profiles of the linear polysiloxanes were measured for different degrees of 

neutralization. HiSA is observed in PAmMS75 (75% neutralization). It shows the highest lamellar 

structure order at RH=20%, and the scattering peak intensity decreases at a higher humidity (Fig. 

3a). As observed for PAmMS100, the scattering peaks shift to the lower q region and the lamellar 

spacing increases as the humidity increases. 

 Figure 3c depicts the relationship between humidity and lamellar spacing. The lamellar 

structure of PAmMS75 dissolves at RH=30%, while that of PAmMS100 dissolves at RH=35%. For 

PAmMS60 (60% neutralization), scattering is not observed under any humidity condition (Fig. 3b). 
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Figure 2. (a) Weight change ratio of polymethacrylate containing an ammonium salt. (b) Out-

of-plane intensity profiles obtained by humidity-controlled GI-SAXS measurements of 

polymethacrylate.  
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These results indicate that polysiloxane with a degree of polymer neutralization provides a more 

ordered lamellar structure. Additionally, the optimum humidity conditions for lamellar structure 

ordering depend on the degree of neutralization. 

 Figure 3d shows the humidity response of the lamellar structure. At a low humidity, strong 

ion aggregates are formed (i).45 The lamellar structure does not have a well-developed order due 

to the size distribution of the ion aggregates. The lamellar spacing at this time is defined as d1. 

When water is incorporated into the film via humidification, it acts as a plasticizer and relaxes the 

ion aggregates (ii). In this situation, nanophase separation between the hydrophilic and 

hydrophobic regions becomes clear. The order of the lamellar structure is improved. Then the 

lamellar spacing d2 becomes wider than d1 because hygroscopic water is incorporated into the ion 

aggregation sites. Further humidification (RH > 30%) hydrates the polymer and destroys the 

lamellar structure (iii). Dasgupta et al. reported that introducing a rigid structure into polysiloxane 

leads to the development of regular structures.46 We assume that the increased degree of 

neutralization enhanced the rigidity in our material. The lamellar spacing of PAmMS100 is shorter 

than that of PAmMS75 (Fig. 3c) because a higher neutralization level strengthens the ionic 

aggregation between the layers.  
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 Next, we modified the main chain structure of polysiloxanes by partly replacing PAmMS100 

with DMS units, which is denoted as PAmMS1-x-co-PDMSx (Chart 1). The subscript x in the 

chemical formula indicates the molar fraction of the DMS unit, which was evaluated from the 1H 

NMR data. The synthesis procedures are described in the supporting information. Table 1 

summarizes the copolymerization ratio, Mn, and glass transition temperature (Tg). 
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Figure 3. Out-of-plane intensity profiles obtained by humidity-controlled GI-SAXS 

measurements of PAmMS75 (a) and PAmMS60 (b) films. (c) Relationship between the relative 

humidity and lamellar period. (d) Changes in the plausible lamellar structure with 

humidification. 
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Table 1. Molecular massa and glass transition temperatureb data of PAmMS-co-PDMS series.  

           

           

 label    Mn  Mw/Mn  Tg / °C  

           

 

PAmMS    6.5×103 1.86  117 

 

PAmMS0.93-co-PDMS0.07  5.3×103 1.84  79 

 

PAmMS0.85-co-PDMS0.15  7.3×103 2.44  63 

 

PAmMS0.70-co-PDMS0.30  8.0×103 2.62  55 

 

PAmMS0.51-co-PDMS0.49  1.2×104 3.35  42 

           

 
aMn and Mw/Mn are evaluated by SEC measurements. All samples are bimodal. An additional 

peak (Mn 1.0 ×103, Mw/Mn 1.06) is observed.  
bTg is determined by DSC measurements. 

 

 Figure 4a shows the out-of-plane intensity profiles obtained by the GI-SAXS 

measurements of PAmMS1-x-co-PDMSx spin-cast films. The scattering peaks become sharper, and 

secondary scattering is observed by copolymerization with DMS. Introducing the DMS unit clearly 

improves the lamellar structure order. The lamellar spacing also increases as the humidity 

increases (Fig. 4b). Additionally, the spacing increases with increasing x (Fig. 4c). Note that in the 

two samples (x=0.15 and 0.30), a shoulder was observed on the wide-angle side of the primary 

peak during the humidification process. This should be of experimental artifact and not originated 

from two periods of structure. At a particular incident angle, the transmission and reflection peaks 

are separately observed on the humidification process47,48. 

 Although the water adsorption decreases as the DMS unit increases (Fig. 4c, weight change 

ratio), the lamellar spacing increases. Figure 4e depicts this behavior. If half of the ionic units are 
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replaced with DMS units, for example, from PAmMS100 (I), we can draw the model shown in II. 

In this state, the ionic groups are separated from each other, making it difficult to form ion 

aggregates. Therefore, the siloxane main chain should fold for the favorite formation of ion 

aggregates, and the lamellar spacing D2 becomes larger than D1 (III). 

 Another feature of HiSA with DMS units is that the moisture resistance (stability of the 

nanostructure at higher humidities) improves with increasing x (Fig. 4d). The introduction of the 

DMS unit decreases the solubility in water because water adsorption promotes the nanophase 

separation ability between the hydrophilic and hydrophobic regions. It is assumed that the 

introduction of the DMS units lowers the material rigidity, but the ordering of the lamellar structure 

is improved. This suggests that the hydrophilic-hydrophobic balance is also an important 

parameter for self-assembling structuring. 
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Figure 4. (a) Out-of-plane intensity profiles obtained by humidity-controlled GI-SAXS 

measurements of PAmMS1-x-co-PDMSx films. (b) Lamellar period with humidification as a 

function of x. (c) Adsorbed water amount and lamellar period with the introduction of DMS 

units at RH=30%. “Weight change ratio” values show the relative change in weight at RH=0%. 

(d) Phase transition point with RH as a function of x. (e) Plausible structural model when the 

ionic units of polysiloxane are replaced by DMS units. Depiction of adsorbed water is omitted 

for simplicity. 
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CONCLUSIONS 

In summary, we investigated the HiSA behavior of linear polysiloxanes containing alkylamine 

hydrochloride side chains in detail to elucidate the influence of the backbone structure 

(polysiloxane or polymethacrylate), the degree of neutralization, and the copolymerization content 

of DMS. The formation of the lamellar structure is a characteristic of the flexible polysiloxane 

backbone. Both the degree of neutralization and the copolymerization ratio of DMS affect the 

nanoscale structuring properties. The HiSA phenomenon can be regarded as an extended category 

of lyotropic liquid crystals. In our polysiloxanes, ionic aggregation is critical for the formation of 

the lyotropic liquid crystalline phases. Therefore, we propose a new aspect of lyotropic liquid 

crystals, which differs from the formation mechanism of the conventional lyotropic liquid crystals 

based on the hydrophobic effect. Since varying the silane coupling agents and neutralizing salts 

can change the design of linear polysiloxanes, this material approach is a suitable strategy to 

accumulate knowledge about the HiSA behavior. Understanding of the HiSA behavior should 

realize new functionalization tools for humidity-driven devices. Studies on the nanostructure 

formation and the humidity-dependent mechanical property are in progress because the 

nanostructure should be essential for the unique humidity-dependent mechanical property in 

PAmMS100.
25 
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