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Semiconducting polymer/water interfaces are gaining increasing attention due to a variety of 

promising applications in the fields of biology and electrochemistry, such as 

electrochemically-gated transistors and photodetectors, that have been used for biosensing and 

neuroscience applications. However, a detailed characterization of the polymer surface in 

presence of an aqueous environment is still lacking. In this work, we employ Sum-Frequency 

Generation vibrational spectroscopy, a surface-specific technique compatible with 

electrochemical/biological conditions, to demonstrate that the surface of thin films of regio-

regular poly-3-hexylthiophene (rr-P3HT) undergo a molecular reorientation when exposed to 

aqueous electrolytes, with respect to their surface structure in air. Experimental results are 

corroborated by molecular dynamics simulations. Since surface molecular orientation is 

believed to play a fundamental role in electrochemical and environmental stability of 

conjugated polymers, the reported findings not only contribute to the fundamental 

understanding of conjugated polymer/water interfaces, but they may also have implications to 

the design of conjugated polymers for enhancing their performance in electrolytic 

environments. 

 

 

 

 

 

 

 

Introduction 

In recent years, research on conjugated polymers started to 

advance its frontiers beyond the applications in light emitting 

diodes, photovoltaic cells and transistors, facing new challenges 

in the fields of photoelectrochemistry and biology [1-8]. A 

plethora of novel possible applications of organic 

semiconductors have been reported, including 

photoelectrochemical cells [9-13], water-gated field effect 

transistors for biosensing [14-20], organic transistors for 

elicitation and recording of cellular activity [21-24], and photo-

active interfaces with living cells and tissues [25-30]. The 

common denominator of all these proof-of-concept devices is 

the direct contact between the active polymer surface and a 

liquid component, which in most cases is saline water. Among 

all existing  -conjugated polymers, polythiophenes are by far 

the most employed ones, due to their distinct features: good 

charge carrier generation efficiency and electronic mobility, 

facile processability, and environmental stability. Previous 

work has demonstrated that polythiophene derivatives, and in 

particular regio-regular poly-3-hexylthiophene (rr-P3HT), 

preserve their optoelectronic properties, such as absorption and 

charge generation capability, even when in direct contact with 

water [31]. It has been reported that degradation processes are 

neither enhanced nor accelerated by interaction with aqueous 

saline solutions, as compared to contact with ambient oxygen 

[32]. Moreover, electrolyte-gated polythiophene transistors 

show good properties in terms of electrical performance and 

electrochemical or temporal stability [33].  

In general, however, while it has been well established that the 

bulk optoelectronic properties of organic semiconductors are 

not seriously affected by the contact with water, the specific 

properties of the conjugated polymer/electrolyte interface are 

by far much less characterized. Nevertheless, the interface 

structure is believed to play fundamental roles, in many 
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different aspects. The interaction with the liquid, for instance, 

may give rise to huge local electric fields, as already reported in 

the case of pentacene [34]. Also, the interface capacitance 

established at the conjugated polymer/electrolyte interface is 

obviously influenced by the high dielectric constant of water. 

The interaction with an electrolyte may also lead to ion 

accumulation at the polymer surface and to doping phenomena, 

previously reported in the case of conducting polymers such as 

polyaniline and PEDOT:PSS [35-37]. For biological 

applications, specific adhesion proteins are often employed, 

which create charged nm-sized regions and may possibly 

change the overall interfacial behavior [38].  

In particular, the molecular orientation of conjugated polymers 

at the interface with water plays a key role to the environmental 

stability and electrochemical activity [39,40]. In the case of a 

liquid-gated field effect transistor, for instance, the superior 

performance of thiophene-based devices with respect to other 

polymer classes was recently attributed to a specific orientation 

of the alkyl side chains [41]. Analogous effects may play 

important roles in several device configurations, including, for 

instance, ion-sensing field effect transistors, 

photoelectrochemical cells for water splitting and oxygen 

reduction, biological and environmental sensors, and optical or 

electrical bio-transducers for excitation and recording of living 

cells activity.  

This work represents a first attempt to selectively study the 

interface phenomena between rr-P3HT and water, and in 

particular to assess if a specific molecular orientation of 

polymer chains is induced by the direct contact with an aqueous 

environment, in contrast to contact with air. One should note 

that the selective study of the interface with a liquid introduces 

severe constraints, in particular the need to work at room 

pressure and temperature. For this reason, many powerful 

surface-selective techniques, including X-ray diffraction 

(XRD), near-edge X-ray absorption fine structure spectroscopy 

(NEXAFS) and ultraviolet photoelectron spectroscopy (UPS), 

cannot be employed in this specific case. We thus opted for 

non-linear optical spectroscopy, and in particular for Sum-

Frequency Generation (SFG) spectroscopy, which retains all 

the common advantages of optical techniques, being 

nondestructive and highly sensitive with good spatial, temporal, 

and spectral resolution, and is applicable to any interface 

accessible by light [42-45]. Being based on a second-order 

nonlinear optical process, SFG is forbidden in media with 

inversion symmetry, but allowed at interfaces where the 

inversion symmetry is necessarily broken. Consequently, SFG 

spectroscopy is intrinsically surface-specific for interfaces 

between centrosymmetric media. In particular, IR-visible SFG 

allows probing vibrational resonances that are generally 

associated with specific functional groups on the molecule [46-

49].  

Previous studies of non-conjugated polymers with SFG 

spectroscopy have demonstrated the ability of this technique to 

probe polymer orientation at buried interfaces, such as 

polymer/polymer [48,49], polymer/dielectric [50-52] or 

polymer/metal [53-56], and in particular surface reorientation 

induced by the contact with water [57-58]. For the case of 

organic semiconductors, their structure at semiconductor/air 

[59], semiconductor/metal [60-62], and 

semiconductor/dielectric interfaces [59, 63-64] have been 

investigated. In particular for P3HT, a few recent studies have 

addressed its reorientation at buried interfaces induced by 

thermal annealing [65,66] or by the surface chemistry of the 

substrate [64]. However, the effect of water on surface 

orientation of P3HT has not been addressed yet by SFG, and 

this is the subject of the present study.   

Molecular Dynamics (MD) is a suitable theoretical tool to 

support SFG analysis and it has been used to study interfacial 

water, gas-liquid interfaces and polymer surfaces. For simple 

systems it is possible to directly simulate the SFG spectra 

through MD [67-71]. For systems with higher structural and 

chemical complexity (e.g. surfaces and interfaces with 

crystalline polymers) the direct simulation of the SFG spectra 

could be computationally prohibitive. Here, we make use of an 

alternative approach in which the atomistic simulations provide 

an independent theoretical estimate of the P3HT surface 

morphology, based on the configurational energy analysis. SFG 

analysis evidenced a difference in P3HT backbone orientation 

between polymer surfaces exposed to air or water, further 

confirmed by MD  simulations. 

Theoretical SFG spectroscopy description 

SFG is a second-order nonlinear spectroscopy in which tunable 

visible and IR laser sources are spatially and temporally 

overlapped in a sample to produce light at the sum of their 

frequencies:          [42,43]. This process is forbidden 

in centro-symmetric media (e.g., in the bulk of most materials), 

but is allowed at the interfaces between dissimilar materials 

where the local symmetry is broken; this selection rule thus 

makes SFG an inherently interface-sensitive technique [42,44]. 

The intensity of the SFG signal generated at the interface is 

given by: 

       | 
( )
   |

 
    (  )   (  )                               (1) 

where     (  )and    (  ) are the intensities of the visible and 

IR light sources, respectively, and  ( )    is the effective 

second order susceptibility. As the IR frequency (ω2) is tuned, a 

vibrational spectrum of the interfacial molecules is obtained, 

since the generated SFG signal will vary due to vibrational 

enhancement of  ( )   , which usually dominates over the non-

resonant contribution from all other resonances [46-49]. For a 

detailed description of SFG theory, we refer the reader to the SI 

section. Here, we only note that the characterization of the 

resonant term of  ( )    is of particular interest, as it describes 

the orientational average of the hyperpolarizability of a specific 

molecular vibration, which is usually associated with a 

particular moiety of the interfacial molecules. It thus allows 

obtaining information about their orientation at the interface. In 

more detail, the resonant  ( )    is related to  ( )   , a 27-

element tensor describing the nonlinear response of the 
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interface (due to three-wave mixing), which can be fully 

characterized by measuring the SFG spectra for all possible 

polarization combinations of the IR, visible and SFG beams. 

The selection rules for second-order processes dictate that only 

seven of these elements are nonzero, and, in the limit of in-

plane isotropy for achiral materials, three of them are 

degenerate. Thus, all independent tensor elements can be 

determined by using four polarization combinations, where 

each beam may have two different polarizations, one with the 

electric field vector perpendicular to the plane of incidence, 

labeled  ̂, and another one with the electric field vector parallel 

to the plane of incidence, labeled  ̂. These polarization 

combinations are usually referred as PPP (with  ( )            

proportional to the linear combination of the tensor elements 

 ( )   ,  ( )    and  ( )   ), SSP ( ( )        proportional to 

 ( )   ), SPS ( ( )        proportional to  ( )   ) and  PSS 

( ( )        proportional to   ( )   ). In the adopted 

convention, letters are listed in order of decreasing frequency: 

the first one is for the sum frequency, the second one is for the 

visible beam, and the last one is for the infrared beam. 

Therefore, with a model for the nonlinear response of a 

particular vibration, complete polarization-dependent 

characterization enables to translate the spectroscopic 

observables (i.e., the SFG intensity signals) into ensemble-

averaged molecular orientations at interfaces. In the case of 

SFG from polymer thin films, spectroscopic signals can arise 

from multiple interfaces [72,73] and all these contributions 

need to be taken into account, as they interfere to yield the 

observed spectra. 

Materials and methods 

Polymer thin films preparation. rr-P3HT (Sigma-Aldrich) has 

a regio-regularity of       and an average molecular weight of 

                   ; it has been used without any further 

purification. As thorough cleaning of the CaF2 substrates was 

required, rinses were sequentially performed in an ultrasonic 

bath with the following cleaning solutions: a specific tension-

active agent in a water solution (HELLMANEX® II, 3 %), 

deionized water, pure acetone and isopropyl alcohol. 

Chlorobenzene solutions of rr-P3HT were prepared in a 

concentration of        and     , subsequently heated to 

      for       , stirred and finally deposited onto previously 

heated substrates by spin-coating. The spinning parameters 

(angular acceleration             for        solution and 

            for       solution; deposition duration     ) 

were carefully selected to obtain suitable optical quality and 

film thickness (        and      , as deduced by profile 

measurement (KLA TENCOR, Alpha Step 500)). After 

deposition, organic layers were annealed for        at       , 

in order to evaporate residual solvent in the polymer films. The 

preparation of the solution and the deposition of the P3HT film 

were performed in air, while the annealing process was 

performed under inert atmosphere.  

 

IR-Visible SFG Spectroscopy. In the IR-Visible SFG 

experiment, we used a commercial SFG spectrometer from 

EKSPLA (Lithuania). Briefly, it is based on an active-passive 

mode-locked Nd:yttrium aluminum garnet (YAG) laser 

(EKSPLA, model PL 2143A20) at 1064 nm with 30  ps pulse 

width, 30 mJ pulse energy and 20 Hz repetition rate. Its 

frequency-doubled output at 532 nm was used as the visible 

input (ω1, resonant with the rr-P3HT absorption). The tunable 

IR beam (ω2) was generated in a AgGaS2 crystal by difference 

frequency mixing of the fundamental of the Nd:YAG laser with 

the output of an optical parametric generator/amplifier system 

(EKSPLA, model PG401/DFG2-10P) pumped by the third 

harmonic of the laser (355 nm). The visible and IR beams were 

spatially and temporally overlapped at the surface of the sample 

with incidence angles of     and    , respectively, leading to 

the generation of the SFG signal. Each beam had its 

polarization set to S or P by polarizers (visible or SFG beams) 

or mirror sets (for the IR beam).  The beam sizes were 

approximately       , while the pulse energy were       and  

     , for the visible and infrared beams, respectively. The 

intensity of the visible beam, in particular, was properly 

adjusted to that value in order to avoid optical damage to the 

sample, which results from the high peak intensities of both 

beams. However, due to the low repetition rate of the laser, the 

average power on the sample (and therefore its average heating) 

is quite low, less than 1 mW. The SFG output in the reflected 

direction (reflected angle    ) was detected by a 

photomultiplier with gated electronics after proper spatial and 

spectral filtering. Under these conditions, the SFG spectra were 

obtained for the three polarization combinations (SSP, PPP, 

SPS) on the same point of the sample. To correct the spectra for 

the response of the detection system, OPA/DFG performance, 

water vapor absorption and changes in overlap of visible and IR 

beams, they were normalized by the nonresonant SFG spectrum 

of a ZnS thin film on glass. The sample was placed on a 

thoroughly cleaned Teflon cell with the polymer film facing 

down, and the beams coming from the top side (CaF2 

substrate). After measurement of SFG spectra with the film 

exposed to air, the cell was filled with ultrapure water (Milli-Q, 

resistivity 18.3 Mcm) and SFG spectra were acquired on the 

same spot of the sample, but with the rr-P3HT film now in 

contact with water. In order to avoid the strong IR absorption 

from water, incidence direction of the beams was from the CaF2 

substrate side. 

  

Molecular Dynamics Simulations.  

MD can be employed to elucidate the conformation of the 

systems either through SFG simulation [67-71] or by energetic 

analyses [74,75]. In order to simulate the SFG spectra it is 

required to know (i) the molecular polarizability (which must 

be obtained from computationally demanding ab initio 

calculations, and can be different for different molecular groups 

or even for the same molecular group in a different chemical 

environment), (ii) the concentration of the molecular groups 

(thiophene rings, alkyl chains) at the surface and (iii) their 

orientation distribution (its average and width). Accordingly, 
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the simulation of the SFG for systems with a complex free 

energy landscape is challenging and it is not performed for the 

present case of P3HT crystals formed by finite chains.  

At room temperature the polymer surface has a large number of 

local minima separated by large free energy barriers and the 

system can be blocked in metastable configurations. An 

effective strategy is to simulate the system at different (ϑ, γ) 

and to calculate the corresponding energy in order to find the 

minimum (i.e. most probable) configurations. 

To this aim we followed a two-steps procedure: we have 

employed finite temperature MD to generate the reference 

atomistic models of bulk polymer and water while we have 

used a quasistatic approach at T ~ 0 K (i.e. local optimization) 

to calculate the energies of the P3HT/water and P3HT/vacuum 

systems at the different (ϑ, γ) pairs.  

More in detail, a series of P3HT slabs of the same width and 

different crystallographic orientations (ϑ, γ) was generated, 

each formed by 60 finite chains terminated with a methyl 

group. In order to keep the computational workload affordable 

we restricted our analysis to the two extreme values of γ, 

namely 0° (face-on) and 90° (edge-on). Starting from a vertical 

(ϑ = 0°) configuration, the chains were then tilted by different 

angles, ranging from 10° to 80°. The vertical configuration is a 

special case in which the face-on and edge-on configurations 

are identical. The polymer-water interface was obtained by 

covering the P3HT layer by a film of liquid water. The systems 

consist of 105 atoms on average, with the biggest one 

containing 71410 water molecules. The VMD 1.9 [76] package 

was used to build the P3HT-water systems. Figure 1 shows two 

examples of starting configuration for γ = 0° (left panel, ϑ =  

30° in vacuo) and γ = 90° (right panel, ϑ = 60° in water). In 

order to avoid size effects due to the periodic boundary 

conditions and interactions between replicas, we put special 

care in keeping it constant the width of the polymer slab: to this 

aim, the length of polymer chains was consistently increased 

with the tilt angle. More details on the simulation protocol are 

provided in the Supporting Information. 

 
Figure 1. Examples of starting configurations systems for      (left panel, 

      in vacuo) and       (right panel,       in water) . 

As for the force field, the P3HT polymer and the water layer 

have been modeled using the General Amber Force Field 

(GAFF) [77-79], which has been successfully applied to study 

conjugated polymers, in particular poly(3-alkylthiophenes) [80-

82]. The atomic partial charges of the polymer were calculated 

according to the standard AM1-BCC method [83]. We have 

used the TIP3P model for water (which includes the charges) 

[84]. The dispersive (i.e. Van der Waals) interactions (both 

intra- and intermolecular) are described by the sum of two-body 

Lennard-Jones contributions, with Amber force field 

parameters. Model potential molecular dynamics simulations 

were performed with the NAMD molecular simulations 

package (v. 2.9) [85] with the rigid bond constraint for the 

hydrogens. The equations of motion of atoms were integrated 

by using the Velocity Verlet algorithm with a time step as small 

as 1 fs. Multiple time stepping was used, with short-range 

nonbonded interactions calculated every two time steps and full 

electrostatics evaluated every time step. Periodic boundary 

conditions (PBC) in all directions were always used. All the 

electrostatic contributions were computed by the Particle Mesh 

Ewald (PME) sum method, with PME grid spacing of 1 Å. 

Temperature was controlled by Langevin thermostat with 

damping coefficient ν = 1 ps-1. 

Results and discussion 

SFG spectroscopy 

Thin films of rr-P3HT spin coated on CaF2 substrates were 

studied via SFG spectroscopy at the interface with ambient air 

and ultrapure water. A sketch of the experimental set-up is 

shown in Figure 2.  

 
Figure 2. (a) Sketch of the considered interface and of the set-up geometry; (b) 

definition of lab (xyz) and molecular (abc) coordinates; the chain tilt angle 

defined as the angle between the axes c and z, and the twist angle , defined 

as the angle formed between the torsion versor  and the vertical plane cz, are 

also shown; (c) sketch of prototypical molecular arrangement of rr-P3HT;   

indicates the orientation axis of the polymer chain. From left to right: edge-on, 

face-on and vertical configurations. 

Panel (a) shows the considered interface as probed by SFG 

spectroscopy. (     ) are the lab Cartesian coordinates; the 

orientation of the polarization versors  ̂ and  ̂ are also shown. 

In panel (b) the laboratory reference system of panel (a) is 

represented, together with a representative example of a 

possible molecular orientation with respect to the lab 

coordinates.   denotes the axis of the molecular backbone, 

while   is defined as a torsion versor, perpendicular to the 

median plane of two consecutive monomers, forming an angle 

  (chain twist angle) with the vertical plane defined by the axes 

  and   (shaded yellow area in Figure 2b). 

From the specific molecular symmetry properties of P3HT [86] 

(see Supporting Information Section for more details), it is 
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possible to specify its molecular orientation respect to the 

laboratory coordinates by using only two angular coordinates, 

namely   and  .   (chain tilt angle) defines the angle between 

axes   and z (i.e.,      indicates the direction of the 

polymeric chain perpendicular to the interface, while       

represents the polymer backbone parallel to the interface). 

     and        indicate the average plane of thiophene 

rings, parallel and perpendicular to the interface, respectively. 

Limiting configuration cases are shown in Figure 2 (panel c) 

and can be summarized as:  

(i)         and        : alkyl chains are 

perpendicular to the interface (‘edge-on’ 

configuration, with  -stacking along the 

interface); 

(ii)          and        :  the thiophene rings lye on 

the same plane of the surface (π-stacking 

perpendicular to the interface, ‘face-on’ 

configuration).  

(iii)          and         : thiophene backbone 

and alkyl side chains perpendicular and parallel, 

respectively, to the interface plane (‘vertical’ or 

‘end-on’ configuration) 

Many different studies [66, 87-96] have investigated 

preferential molecular orientation of rr-P3HT thin films in 

contact with air, highlighting the important role of several 

processing parameters, including spin coating solvent and 

speed, annealing time and temperature, regio-regularity and 

molecular weight. While the polymer bulk appears to be a 

mixture of different possible orientations [66,87], many authors 

have highlighted a preferential ‘edge-on’ orientation at the 

interface with air [89-93]. It is worth emphasizing that in most 

of these works a ‘vertical’ configuration was a priori ruled out, 

assuming the backbone axis c parallel to the surface. However, 

some recent reports highlighted how the overall molecular 

orientation is dictated by a trade-off between the interaction of 

the opposite medium with both the polymer alkyl side chains 

and the backbone end groups notably yielding a vertical 

orientation at the surface exposed to air [97,98]. 

Figure 3 shows the SFG spectra obtained in the spectral region 

between      –            with the three independent non-

vanishing polarization combinations PPP, SPS and SSP, for a 

thin film (~ 10 nm) of rr-P3HT spin coated on CaF2 and in 

contact with air (panel a, open symbols) and water (panel b, 

open symbols). The agreement between experimental results 

and fitting curves (represented as solid lines) obtained by 

superposing several vibrational resonances of the P3HT 

backbone (see SI section, eq. S14) is satisfactory. 

 
Figure 3. SFG spectra measured for a thin film of rr-P3HT in contact with air ((a), 

open symbols) and with water ((b), open symbols) for three different 

polarization sets. Results of the fitting to a superposition of vibrational 

resonances of the P3HT backbone are represented, for each polarization set, as 

solid lines.  

In agreement with results reported in literature for rr-P3HT thin 

films [62-65] SFG spectra are dominated by C-C intra-ring 

stretch (           ) and C=C symmetric stretch 

(           ) modes. First of all, we note that there are no 

significant differences in the vibrational frequencies in the case 

of direct exposure to the water environment as compared to 

exposure to open air, supporting the fact that the contact with 

water does not significantly affect the conjugation properties of 

the polymer, and does not lead to a specific enhancement of the 

irreversible degradation processes. Similar conclusions were 

previously reported for rr-P3HT exposed to ultrapure water, 

based on detailed Raman and IR analysis [32]. Noteworthy, the 

ratio between the maximum intensity (at            ) for 

PPP and SPS polarization combinations is similar in the two 

cases; conversely, the SSP component shows a       decrease 

in intensity for the interface with water as compared to the 

interface with ambient air. This evidence represents a first 

indication that the orientation of the thiophene rings at the two 

interfaces might be different. To calculate the absolute 

orientation of the P3HT backbone in the two cases, we  employ 

a suitable model for the non linear polarizability of the P3HT 

molecule (see SI for more details) [62]. As briefly stated above 

and described in the SI section, by exploiting the specific 

molecular symmetry properties of P3HT it is possible to specify 

its molecular orientation with respect to the lab coordinates 

simply by two angular coordinates   and   (Figure 2b). Figure 

S4 shows the calculated     
( ) components based on the 

adopted rr-P3HT molecular model for C=C symmetric stretch, 

and for the three considered polarization combinations. 

Comparing the     
( )  tensor components obtained from the 

fitting of the SFG spectra with those obtained by the theoretical 

angular function for        
( )

  it is possible to provide an 

estimate of the admissible range for the pair of angles (   ), 

i.e., a hint of the most probable molecular orientation at the 

interface. 

Figure 4 displays (   ) plots of r, a measure of the 

discrepancy between the experimental values of the     
( )

 
components and the ones expected from the theoretical model 

for a given polymer backbone orientation (   ), in units of 

standard deviation of the experimental values. Admissible 

regions are thus identified by values close to zero (red-orange), 

while forbidden regions are represented in green-blue colors. 
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Figure 4. (   ) plots of r, a measure of the discrepancy between the 

experimental and theoretical values of the     
( )

 components for a given chain 

orientation. The red ellipses highlight the most favored orientation of the rr-

P3HT conjugated backbone at the interface with air (top panel) and with water 

(bottom panel). The color bar is in units of standard deviation between 

experimental values and theoretical ones; most favored orientation thus 

corresponds to (   ) values in red/orange regions. 

It clearly emerges that the direct contact with water excludes 

the most probable values obtained in the case of exposure to air, 

and promotes instead a slightly different molecular 

arrangement, as far as the polymer surface is concerned. In 

particular, at the air interface   preferentially assumes values 

near        , while   increases from    to     for   

approaching the maximum value of    . This indicates a 

preferential (tilted) ‘end-on’ type arrangement. Conversely, the 

interface with water only admits      , with   increasing 

from    to     for      , thus indicating a change with 

respect to the previous case. In general, these data suggest an 

overall relaxation of the vertical configuration, with a more 

pronounced parallel orientation of the backbone respect to the 

interface. Incidentally, we note that the limit          

cannot be detected by SFG, because it represents an isotropic 

arrangement. Thus, a distribution of       values with the 

appropriately increasing   (towards 90) would be also 

consistent with the experimental spectra. This means that the 

P3HT chains in contact with water tend to become more 

aligned along the interface, but with a more edge-on (instead of 

face-on) orientation. 

Importantly, we note that the contribution of the 

substrate/P3HT interface had to be taken into account in our 

analysis, since we employed very thin films with light incident 

from the substrate side (in order to avoid strong absorption of 

the IR beam by water). We thus carried out a complete analysis 

also in the case of a thick polymer sample (approximately 

      ), from which we could determine the contribution 

from the substrate/P3HT interface, since in this case it 

overwhelms the contribution from the P3HT/water(air) 

interface (see Supplementary Figure S5). For the sake of 

completeness, we also considered the experimental geometry 

with light incidence from the opposite direction (i.e., from the 

air side, onto the polymer surface), for thick polymer films 

exposed to air. Analogous results were obtained in this case 

with respect to the thin film, further confirming the 

predominance of a near vertical arrangement dictated by the 

specific contact with air (see Supplementary Figure S6).  

As a further step of our investigation, we also considered if the 

presence of salts in solution had considerable effects on 

molecular orientation at polymer/solution interface. Figure 5 

shows the SFG spectra obtained after adding sodium chloride 

(NaCl       concentration) to ultrapure water, at the three 

considered polarization combinations. In each case, the lack of 

significant differences, with respect to ultrapure water suggests 

that the presence of the salt, at concentrations of the same order 

of typical biological environment, does not considerably alter 

the  morphological structure and molecular orientation of the rr-

P3HT polymer surface. 

 
Figure 5. Experimental SFG spectra with three polarization sets for a thin film of 

rr-P3HT in contact with ultrapure water (open symbols) or with aqueous saline 

solutions of biological relevance (NaCl      , solid lines). 

Molecular dynamics simulation 

Preferential molecular orientation of rr-P3HT at interface with 

water, as derived by SFG spectroscopy, is further confirmed  by 

molecular dynamics simulations.  

By comparing the energy of each system to the corresponding 

bulk phases (see Supporting Information) it was possible to 

calculate the formation energy in vacuo   (   )  and in water 

   ⁄ (   ) as a function of the backbone angle   for the two 

orientations      and      . The most stable 

configurations are those with the lowest formation energy. 

In Fig. 6 we report the atomistic data in vacuo (top panels) and 

in water (bottom panels) for      (red) and       (green). 
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The zero of the energy scale is set to the energy of the vertical 

polymer (    ). 

 
Figure 6. Surface energy for different   angles in vacuo (top) and in water 

(bottom). Filled squares and circles are the atomistic values and lines are fitting 

functions. 

The main results are: (i) the energy depends sizably on the tilt 

angles with oscillations that can be attributed to the molecular 

staggering; it is found that there is a large number of local 

minima in which the polymer can be locally stable; (ii) on 

average, the presence of water increases the formation energy 

of the polymer by about         , consistently with the 

polymer hydrophobicity.  

In order to understand the oscillating behavior and to compare 

the relative stability of the different polymer orientations we 

developed an analytical model to fit the atomistic data. The 

model takes into account two contributions: (i) an oscillating 

energy cost due to the intermolecular staggering   ( ); (ii) a 

term related to the amount of polymer exposed to the surface 

that depends on the tilt,   ( ). In order to explain the above 

terms we sketched the polymer interface for a given    (see 

Supplementary Figure S7).  

Let’s focus on the edge-on configuration first (e.g. Figure 6, 

right panel). When      (vertical configuration), the P3HT 

chains are perfectly aligned and interdigitated and the 

intrachain energy has a minimum. When the chains are tilted by 

an angle  , instead, there is a chain shift along the backbone 

direction equal to       ( ) (see Supplementary Figure 

S7). The shift increases monotonically with the angle while the 

intrachain energy oscillates between the staggered and the 

aligned energy [80]. The period   of the oscillation must 

correspond to the periodicity along the backbone (       [99]). 

Accordingly, the staggering energy can be written as: 

  ( )   ( ) *     (
 

 
  )+                                       (2) 

where  ( ) is the staggering energy amplitude which depends 

on  . 

The same analysis holds also for the face-on orientation, once d 

is set to the corresponding value 

(the distance   is      for the edge-on and     for the face-on). 

The second term   ( ) of the model is introduced to describe 

the interaction of the polymer at the interface. Let’s consider 

first the case     . For      the surface energy    is that of 

the polymer cut of the vertical configuration along the (   ) 

plane; for       it corresponds to the surface energy    of the 

horizontal cut that is (   ) or (   ) for      or      , 

respectively). For intermediate values         , the 

polymer-surface interaction is calculated as an average between 

the two values. The proportion between the two is illustrated in 

Supplementary Figure S7: the blue segment corresponds to the 

   vertical contribution and the red one to the    horizontal part. 

This corresponds to the function: 

  ( )       
 ( )       

 ( )                                    (3) 

In conclusion, by summing the two terms we get the model for 

the energy dependence on  : 

 ( )   ( ) *     (  
 

 
  ( ))+       

 ( )  

     
 ( )                                                                            (4) 

Where the staggering energy amplitude  ( ) is fitted against 

atomistic data together with    and   . The results show that the 

model is able to reproduce the oscillating behavior with the 

expected periods (   )    ( ) so clearly attributing the 

oscillation to the staggering effect.  

In order to analyze the calculated formation energies in vacuo 

and in water and to better compare the optimized atomistic 

configurations with the results of experiments (performed at 

room temperature) we locally averaged the oscillating term in 

the model. This was equivalent to remove the cosine behavior 

and to retain only the  ( ) in the first term of the model. The 

averaged curves are reported in Figure 7 for the case of vacuum 

(left) and water (right).   

 
Figure 7. (Top panels) Averaged formation energy for P3HT surface in vacuo (left) 

and in water (right). (Bottom panels) Atomistic configurations corresponding to 

the minimum energy. 

The upshift of the curves due to water and the hydrophobicity is 

now more evident (compare right and left panel). In vacuo (left 
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panel) the absolute minimum occurs for vertical face-on (red) 

configurations with the face-on curve crossing the edge-on one 

(green) at around      . In water, the lowest energy 

configurations are found at      . The different molecular 

orientations predicted by the atomistic simulations are in 

qualitative good agreement with the reported SFG results 

highlighting more vertical orientations in air and more 

horizontal edge-on configurations in water.  

One should notice that some important differences still exist 

between theory and experiments. Experiments give a smaller 

range of possible   values while the atomistic simulations (even 

after averaging) indicate possible secondary configurations. For 

example, the local minimum in vacuo corresponding to possible 

face-on horizontal configurations has not any correspondence 

in the experimental data. This difference can be attributed to a 

kinetic barrier preventing the system to explore such 

configurations by starting from the minimum or to several 

physical factors that are not included within the model: thermal 

effects, termination of the polymer chains by different chemical 

groups, chemical contaminations possibly occurring both in air 

and in water, coexistence of different molecular orientations 

within the surface, trapping of the system into local minimum 

energy configurations, and so on. Nevertheless, the simulations 

provide a clear theoretical evidence that the vertical 

configuration in air is not only possible but likely energetically 

favorable. Furthermore, the calculations support the observed 

tendency of the polymer towards a horizontal  configuration in 

water with a preference for exposing the alkyl chains in an 

edge-on configuration. 

Conclusions 

In this work we employed surface-specific SFG spectroscopy to 

selectively study the molecular orientation of a rr-P3HT thin 

film exposed to direct contact with water, and we compared our 

results with the case of open air exposure. The peculiar 

molecular alignment at the polymer surface, dictated by the 

presence of an aqueous environment, beyond its interest as a 

fundamental study, can have important consequences in 

practical applications, since it is expected to play a role  in all 

electrical and chemical processes occurring at the interface. 

Experimental results put in evidence that the direct contact with 

water actually promotes a different molecular arrangement, as 

far as the polymer surface is concerned, with a  preferential 

‘edge-on’ configuration in the case of water and a ‘vertical’ one 

in the case of open air. This implies a more pronounced parallel 

orientation of the backbone respect to the water interface. 

Experimental results were confirmed by molecular dynamics 

simulations. In particular, the specific alignment of the side 

alkyl chains, perpendicular to the polymer/water interface, 

could act as a physical barrier between the polymer backbone 

and the electrolytic environment. On one side, this may justify 

the remarkably good electrochemical stability, as widely 

reported for thiophene-based polymers, at the base of many 

biomedical applications.  On the other side, it can certainly 

represent a limitation to the charge transfer efficiency, thus 

explaining the low efficiency of photoelectrochemical cells 

based on bare conjugated polymers.  

Overall, our results represent an extension of previous SFG 

studies of environmental effects on polymer interfaces to the 

case of conjugated polymer/aqueous electrolyte interfaces. 

They may have implications to the understanding and 

engineering of conjugated polymer interfaces for 

electrochemical and biological applications. 
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