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ABSTRACT 

The interactions of Langmuir monolayers produced through the self-assembly of 

an amphiphilic p-carboxy-calix[4]arene (1) with a series of divalent, fourth-period transition-

metals, at the air-water interface, were investigated. Changes in the interfacial behavior of 1 in 

response to the presence of CuCl2, CoCl2, MnCl2 and NiCl2 were studied by means of Langmuir 

compression isotherms and Brewster angle microscopy (BAM). The measurements revealed that 

the self-assembly properties of 1 are significantly affected by Cu2+ ions. The interactions of 1-

based monolayers with Co2+ and Cu2+ ions were further investigated by means of synchrotron 

radiation-based X-ray reflectivity (XRR), X-ray near-total-reflection fluorescence (XNTRF), and 

grazing incidence X-ray diffraction (GIXD). XNTRF and XRR analysis revealed that the 

monolayer of 1 binds more strongly to Cu2+ than Co2+ ions. In the presence of relatively high 

concentrations of Cu2+ ions in the subphase (1.4 × 10-3 M), XNTRF exhibits anomalous depth 

profile behavior and GIXD measurements showed considerably strong diffuse scattering. Both 

measurements suggest the formation of Cu2+ clusters contiguous to the monolayer of 1. 
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INTRODUCTION 

Amphiphiles represent one of the most efficient classes of building blocks for producing large, 

self-assembled systems.1-4 The molecular architecture of amphiphiles is known to have a 

remarkable effect on their self-assembly properties. For instance, amphiphiles with more than 

one lipophilic chain preferentially form layered structures.5 While nature favors glycerol-based 

amphiphiles (i.e., di-acyl-glycero-phospholipids), chemists have access to a greater range of 

molecular bases to design amphiphiles. Macrocyclic molecules such as cyclodextrins,6 crown-

ethers7 and calix[n]arenes8 present the advantage of combining fairly rigid backbones with the 

possibility of regioselective chemical modifications. Concerning calixarenes, the basket-like 

conformation of 4-membered ring derivatives, along with the possibility of selectively 

functionalizing both their upper and lower rims, make these macrocycles attractive building 

blocks for the design of amphiphilic molecular receptors. 

In the past forty years, particular attention was focused on the binding properties of 

calix[n]arenes towards inorganic ions. Gutsche reported that Rb+ acts as a template for the high-

yield synthesis of p-tert-butylcalix[6]arene.9 However, the first detailed study on cations 

complexation of these macrocycles was reported by Christensen, where p-tert-

butylcalix[n]arenes (with n = 4, 6 and 8) were used as selective cation carriers in liquid 

membranes.10 The high binding affinity reported was the result of the appropriate size of the 

macrocycles, along with the cooperative effect of the hydroxyl groups. Subsequently, a large 

number of reports dealing with ion complexation of calix[n]arene derivatives were published.11-17 

Calix[n]arenes have also been studied for their ability to self-assemble as Langmuir monolayers 

at the air-liquid interface.18-21 The first report on this topic was published by Regen who coined 
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the concept of perforated monolayers referring to thin film composite membranes of 

calix[6]arene-based surfactants bearing uniform, oriented and adjustable nanopores.22 

Subsequently, the interaction properties of calix[n]arene monolayers with ions at the air-water 

interface have been investigated. In the first report dealing with the interfacial selective response 

of calix[n]arene monolayers towards metal ions, published by Shinkai, the interactions of two 

calix[n]arene ester derivatives with Na+, Li+ and K+ ions were investigated.23 While the 

calix[4]arene ester derivative was shown to be selective towards Na+ ions, the calix[6]arene 

counterpart was demonstrated to predominantly interact with K+ ions. In 2001, Shahgaldian and 

Coleman described the interaction of p-dodecanoylcalix[4]arene monolayers with alkali metals 

and a range of counterions.24 Interestingly, the monolayer was largely stabilized by the presence 

of Rb+ ions in the subphase with a relevant effect of the counterion. It was demonstrated that the 

interaction capabilities of the monolayers were not only owing to the molecular architecture of 

the studied amphiphile but also to their self-assembly state at the interface. Subsequently, 

Baglioni investigated the complexation properties of four calix[8]arene derivatives with alkaline 

earth metal ions;25 all studied macrocycles showed the highest selectivity towards Ba2+. In 2005, 

the same group reported on the interaction of p-tert-butylcalix[6]arene and p-tert-

butylcalix[8]arene monolayers with a range of K+ salts.26 The effect of the counterions on the 

structure of the films was discussed with regard to their position in the Hofmeister series. 

In the present manuscript, we report on the interfacial interactions of Langmuir monolayers of 

5,11,17,23-tetra-carboxy-25,26,27,28-tetradodecyloxycalix[4]arene (1), cf. Figure 1, with a 

series of divalent, fourth-period transition-metal ions. Langmuir compression isotherms, 

Brewster angle microscopy (BAM), X-ray reflectivity (XRR), X-ray diffraction at grazing angles 
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 5

of incidence (GIXD) and X-ray near-total-reflection fluorescence (XNTRF) measurements shed 

light on the response of the 1-based monolayer towards Cu2+, Co2+, Ni2+ and Mn2+ ions. 

 

Figure 1. Chemical structure of 1. 
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 6

EXPERIMENTAL SECTION 

Materials. 5,11,17,23-tetra-carboxy-25,26,27,28-tetradodecyloxycalix[4]arene (1) was 

synthesized as previously described, and analytical data (1H and 13C NMR, ES-MS) were in 

perfect agreement with those previously reported.27 Analytical grade chloroform and methanol 

were purchased from Sigma-Aldrich and used without further purification. Nanopure water 

(resistivity ≥ 18 MΩ cm) was produced using a Millipore Synergy purification system. Copper 

chloride dihydrate, cobalt chloride hexahydrate, nickel chloride hexahydrate and manganese 

chloride tetrahydrate were purchased from Sigma-Aldrich and used without further purification. 

Langmuir isotherms. Surface pressure-area compression isotherms were carried out using a 

Nima 112D system. The Langmuir trough was cleaned with analytical grade chloroform and 

thoroughly rinsed with nanopure water prior to use. Solutions of 1 were prepared 

by dissolving the appropriate amount of 1 in chloroform (5% methanol) at the concentration of 

7.9 × 10-4 mol L-1 (1 g L-1). Ten µL of this solution were spread on the water surface using a gas-

tight syringe. Monolayers were allowed to stand for 20 minutes to allow for solvent evaporation 

and stabilization of the amphiphiles at the interface. Symmetric compression of the monolayer 

was performed at a speed of 5 cm2 min-1. Aqueous copper chloride, cobalt chloride, nickel 

chloride and manganese chloride solutions at concentrations of 10-5 and 10-3 M were prepared 

extemporaneously by dissolving appropriate amounts of the salts in nanopure water. The 

accuracies of πc and A0 measurements were of ± 1 mN m-1 and ± 1 Å2 molecule-1
, respectively. 

Brewster angle microscopy. Micrographs were acquired by using a Nanofilm_ep3 system 

(Accurion) equipped with an internal, solid-state laser at a wavelength of 658 nm. The images 
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 7

were acquired using a CCD camera (768 × 562 pixels) and a 10X objective, equipped with an 

automatic focus scanner yielding 1 µm lateral resolution. 

X-ray near-total-reflection fluorescence, X-ray reflectivity and grazing incidence X-ray 

diffraction. XNTRF, XRR and GIXD measurements were conducted on the liquid surface 

spectrometer (LSS) at beam line 9ID-C, Advanced Photon Source (APS), Argonne National 

Laboratory. The experimental details at 9ID-C (APS) have been described in a previous study.28 

A collimated and monochromatic X-ray beam (at energy E = 13.474 keV, wavelength 

λ = 0.9201 Å) is steered onto aqueous surfaces at a desired incident angle αi. The angular 

dependence of the XNTRF and XRR are expressed as functions of Qz, the z-component (surface 

normal) of the scattering vector, where Qz = (4π λ-1)sin αi. The fluorescence measurements are 

conducted near the critical angle for total reflection, αc (its corresponding Qz, denoted as Qc), 

using an energy dispersive detector (EDD, silicon drift X-ray detector, Vortex-90EX) that 

subtended the illuminated surface area with a collimator (angular resolution ~ 1º) in the front 

end of the probe. Various attenuation levels for the incident beam are used depending on the Qz-

range scanned. For a full Qz-range scan, where αi varied from below to above the critical angle, 

the incident beam is attenuated more (to avoid saturation of the EDD) at αi greater than αc as a 

result of intense scattering of the primary beam from bulk solution. The specular reflectivity, R, 

is measured with a scintillation detector (Bicron) at X-ray exit angle, αf, and equals to αi. All X-

ray experiments were performed while purging the sealed enclosure of the trough with helium 

(pre-bubbled in water) to minimize the background scattering from air and potential radiation 

damage to the sample. GIXD measurements were conducted at αi = 0.065°, below the critical 

angle, αc (= 0.091°), for total reflection using through Soller slits and a line detector (Mythen). 

The GIXD scans displayed here are obtained by integrating the intensities over a certain Qz range 
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 8

and displayed as a function of Qxy, where Qxy is the horizontal component (parallel to the surface) 

of the scattering vector. During the X-ray experiments a tolerance of ± 2 mN m-1 from the 

desired surface pressure of 20 mN m-1 was allowed. 
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RESULTS AND DISCUSSION 

The self-assembly properties of 1 on pure water, and aqueous subphases of CuCl2, CoCl2, NiCl2 

and MnCl2
 salts at concentrations of 10-5 and 10-3 M were investigated by measuring Langmuir 

compression isotherms, cf. Figure 2. The counterion, Cl-, was retained constant to avoid 

counterion effects as previously observed for p-dodecanoylcalix[4]arene.24 The surface pressure-

molecular area isotherm of 1 on pure water shows a collapse pressure (πc) of 51 mN m-1 and a 

takeoff area (A0) of 122 Å2 molecule-1 (Table 1), in agreement with a densely packed monolayer 

of a calix[4]arene in the cone conformation, with the pseudo C4 symmetry axis orthogonal to the 

air-water interface. In addition, the isotherm reveals the presence of a phase transition at 39 

mN m-1 suggesting that a molecular rearrangement of the film occurs, consistent with previously 

reported results.27 

 

Figure 2. Surface pressure-area isotherms of 1 on pure water (−) and on 10-5 M (a) and 10-3 M (b) 

aqueous CuCl2 (−−), CoCl2 (··), NiCl2 (−·−) and MnCl2 (−··−) solutions. 
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Table 1. Characteristic values of the isotherms of 1. 

subphase πc A0 ǀδπ/δAǀ 

water 51 122 3.9 

CuCl2 (10-5 M) 62 116 4.4 

CoCl2 (10-5 M) 55 113 6.1 

NiCl2 (10-5 M) 51 126 5.5 

MnCl2 (10-5 M) 51 125 6.6 

CuCl2 (10-3 M) 29 174 1.3 

CoCl2 (10-3 M) 56 121 3 

NiCl2 (10-3 M) 60 121 2.9 

MnCl2 (10-3 M) 56 120 2.8 

Πc represents the maximum value of pressure to which, after further compression of the monolayer, the 
amphiphile is forced out of the interface (i.e., collapse). A0 is the area occupied by one molecule at the isotherm 
takeoff. |δπ/δA| is the modulus of the slope at the steepest part of the monolayer. Πc (± 1) values are given in mN m-

1, area values (± 1) in Å2 molecule-1, ǀδπ/δAǀ values in mN m-1/Å2 molecule-1. 

In the presence of 10-5 M aqueous CoCl2, NiCl2 and MnCl2 subphases, the collapse pressure (55, 

51 and 51 mN m-1 respectively) and A0 (113, 126 and 125 Å2 molecule-1 respectively) values are 

fairly close to that measured on pure water (πc = 51 mN m-1, A0 = 122 Å2 molecule-1). The 

rigidity of Langmuir monolayers is typically defined by its compressibility modulus: 

 

As the compressibility modulus is directly dependent on the molecular area value, it may be 

strongly impacted by a shift of the isotherm towards different area values; it is therefore not 

satisfactory for describing the interactions of a monolayer with an analyte dissolved in the 

subphase. For this reason, we prefer to use the modulus of the slope of the steepest portion of the 

isotherm: |δπ/δA|. The |δπ/δA| values of the monomolecular films of 1 on the 10-5 M CoCl2, 

NiCl2, and MnCl2 subphases are 6.1, 5.5, and 6.6 mN m-1/Å2 molecule-1 respectively, higher than 

that measured on pure water (|δπ/δA| = 3.9 mN m-1/Å2 molecule-1). This increase indicates the 

stiffening of the monomolecular film in response to the presence of ions and confirms their 
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 11

interfacial interaction with the polar portion of the monolayer. In the presence of a 10-5 M 

aqueous CuCl2 subphase, the A0 value slightly decreases from 122 to 116 Å2 molecule-1, while 

the |δπ/δA| slightly increases from 3.9 to 4.4 mN m-1/Å2 molecule-1. In addition, the πc increases 

from 51 up to 62 mN m-1, a considerably high value for a monomolecular film formed by a 

calixarene-based amphiphile. Furthermore, the characteristic phase transition observed on water 

is absent for Cu2+ solution at 10-5 M. These observations indicate that Cu2+, Co2+, Ni2+ and Mn2+ 

ions interact with the monolayer even at a relatively low concentration of 10-5 M. 

In a previous work,27 we showed that, in the solid state, 1 adopts a pinched cone conformation 

whereby two distal phenyl rings are splayed apart and the other two are closer to each other. The 

amphiphiles are self-assembled in a bilayered fashion where the carboxylic groups of adjacent 

macrocycles are arranged side-by-side. In the current case, we postulate that at the air-water 

interface, in the presence of divalent ions in the aqueous subphase (10-5 M), the carboxylic 

groups of adjacent molecules of 1, self-assembled as a Langmuir monolayer at the air-water 

interface, are oriented head-to-head. These carboxylic groups bind the cations with possibly a 

distorted octahedral coordination geometry, where the ions are coordinated by two carboxylic 

groups of adjacent amphiphiles, and two water molecules, in cis positions around the central ion. 

The geometric constraints of the ligand and the limited freedom of the p-carboxylic functions 

rule out the presence of a binary 1:1 complex between 1 and the ions. Distorted octahedral 

coordination geometry for solid-state Cu(II), Co(II), Ni(II) and Mn(II)-carboxylate complexes 

has been reported in the literature.29-32 For instance, the crystal structure of [Cu2(biphenyl-4,4'-

dicarboxylate)2(1,10-phenanthroline)2(H2O)]2⋅2H2O reported by Chen shows that the distance 

between the oxygen atoms of two adjacent carboxylic groups that bind the Cu2+ ion is 3.2 Å.32 

This distance is slightly higher than the sum of the Van der Waals radii of the two oxygen atoms 
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that is ~ 3 Å. Therefore, the formation of a distorted octahedral complex with the ions dissolved 

in the subphase is not expected to cause a relevant increase in the A0 values of the isotherms of 1, 

in agreement with the results obtained by compression isotherms. In the presence of a higher 

concentration (10-3 M) of NiCl2, MnCl2, and CoCl2 subphases, the πc values of the isotherms of 1 

increase from a value of 51 on pure water to 60, 56 and 56 mN m-1. The |δπ/δA| values 

considerably decrease from a value of 3.9 on pure water to 2.9, 2.8 and 3 mN m-1/Å2 molecule-1 

for Ni2+, Mn2+ and Co2+ ions respectively. This indicates that, at higher concentrations, the 

interfacial binding causes the formation of a more expanded monolayer. Interestingly, the 

isotherms of 1 on 10-3 M aqueous NiCl2, MnCl2, and CoCl2 solutions reveal that, at the takeoff (π 

= 0.1 mN m-1), the surface pressure constantly increases and no further changes in the slope of 

the isotherms are observed. This suggests that these ions trigger self-assembly of 1 as large 

domains even prior to compression. For CuCl2 at 10-3 M, the isotherm profile of 1 notably 

changes in comparison with that measured on pure water and on a 10-5 M aqueous CuCl2 

solution. Indeed, the πc drops to a value of 29 mN m-1 (πc = 51 mN m-1 on pure water and 62 mN 

m-1 on a 10-5 M aqueous CuCl2 solution) and the A0 is shifted up to 168 Å2 molecule-1 (A0 = 122 

Å2 molecule-1 on pure water and 116 Å2 molecule-1 on a 10-5 M aqueous CuCl2 solution). 

In addition, the |δπ/δA| value decreases considerably from 3.9 on pure water and 4.4 on a 10-5 M 

to 1.3 mN m-1/Å2 molecule-1. The different isotherm profile of 1 on a 10-3 M aqueous CuCl2 

solution with respect to those on NiCl2, MnCl2, and CoCl2 subphases at the same concentration 

may be due to the formation of clusters or large aggregates. 

The microscopic structures of the monolayer of 1 on pure water, 10-5 and 10-3 M aqueous CuCl2, 

CoCl2, NiCl2 and MnCl2 subphases were investigated by means of BAM, as shown in Figure 3. 
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Figure 3. BAM micrographs of the monolayer of 1 on water and on 10-5 M and 10-3 M aqueous NiCl2, 

MnCl2, CoCl2 and CuCl2 solutions. Scale bar = 100 µm. 

The micrographs of the monolayer of 1 on pure water reveal that, at the isotherm takeoff (π = 0.1 

mN m-1), relatively large liquid-condensed domains are formed. Interestingly, while the structure 

Page 13 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14

of the majority of calixarene-based monolayers appears uniform for surface pressures higher than 

1 mN m-1,33 the film lacks homogeneity. Indeed, the micrographs show the presence of two types 

of domains with different contrasts. In the presence of 10-5 M aqueous NiCl2, MnCl2 and CoCl2 

solutions, the texture of the monolayers appears similar to that on water, with the presence of 

relatively large liquid-condensed domains observed at the isotherm takeoff (π = 0.1 mN m-1). 

This morphology is maintained until the collapse of the films (Figure S1). These results indicate 

that the interfacial interaction of 1 with Ni2+, Mn2+ and Co2+ does not drastically affect the 

microscopic structure of the monomolecular film. In contrast, in the presence of Cu2+ (10-5 M), 

the morphology of the film noticeably changes in comparison with that on pure water. Indeed, at 

the isotherm takeoff (π = 0.1 mN m-1), the monolayer appears and remains uniform until collapse 

(Figure 3 and Figure S2). Interestingly, in the presence of 10-3 M aqueous NiCl2, MnCl2 and 

CoCl2 solutions, a highly homogeneous monolayer is formed before the isotherm takeoff (π = 0 

mN m-1). The monolayer of 1 exhibits a uniform phase even when the available molecular area is 

as high as 140 Å2 molecule-1 in the presence of NiCl2, 128 Å2 molecule-1 in the presence of 

MnCl2 and 130 Å2 molecule-1 in the presence of CoCl2. These morphologies are maintained until 

collapse (Figure S3). These results indicate that the interaction of the amphiphile with Co2+, Ni2+, 

and Mn2+
 ions causes the formation of condensed monolayers of 1 prior to compression, 

consistent with our conclusions drawn from the isotherm experiments. In the presence of a 10-3 

M aqueous CuCl2 solution, the monolayer exhibits an irregular phase that turns homogeneous 

only at the collapse (Figure 3 and Figure S4), thus confirming that the effect of Cu2+ ions on the 

monolayer of 1 is substantially different from that of the others. In order to gather further 

insights into the interfacial behavior of 1, the interactions with Co2+ and Cu2+ ions were studied 
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 15

by means of synchrotron-based radiations, XNTRF, XRR, and GIXD by specifically monitoring 

the accumulation of these ions at the head group template. 

The surface fluorescence spectra collected at Qz = 0.018 Å-1, (below Qc = 0.0218 Å-1) 

corresponding to a vertical X-ray penetration depth of ~ 80 Å, are shown in Figure 4. 

 

Figure 4. Surface fluorescence spectra obtained at Qz = 0.018 Å-1 for a 1.4 × 10-3 M aqueous CuCl2 

solution (a), 1.4 × 10-5 M CuCl2 solution (b), and for a 10-3 M aqueous CoCl2 solution (b) in the presence 

and absence of the monolayer of 1. In (a) - (c), a shaded band blocks the unessential spectral portion for 
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display purpose. In (a) and (c), two measurements were sequentially performed at an earlier time T1 and a 

later time T2 on the same sample surface, with a time interval (T2 - T1) of ~ 1 h. Numerical labels 1 and 2 

denote Kα and Kβ emission lines respectively from surface ions (Cu2+ or Co2+). Label 3 denotes the 

Compton (inelastic) scattering and label 4 the Thomson (elastic) scattering. 3 and 4 result from the 

interaction of X-rays and water and helium gas. In (a) - (c), the error bars are smaller than the data symbol 

size. 

 

Figure 5: Angular dependences of fluorescence intensity of the Kα emission line (integrated over the 

energy band width of 0.8 keV) from bulk aqueous ions of Cu2+ and Co2+, both of which are normalized to 

the concentration of 10-3 M. (b) Angular dependence of fluorescence intensity of the Kα emission line 

from 1.4 × 10-3 M aqueous CuCl2 solutions with and without the monolayer of 1 on the surface as 

indicated. The vertical dashed line indicates the Qc. The data (labeled as an earlier time T1 and later time 
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T2) were measured only below the critical angle and were corrected for different beam attenuation levels, 

relative to the full Qz-scans, for the bare surface solution and monolayer-covered solution (labeled T0). In 

both (a) and (b), the error bars are smaller than the data symbol size. 

For a 1.4 × 10-3 M CuCl2 or a 10-3 M CoCl2 (and for 10-5 M of both ions) in the absence of 

Langmuir film, the Cu and Co emission lines are barely detectable at Qz = 0.018 Å-1 as the 

density of the Cu2+ or Co2+ ions within the penetration depth near surface is below the detection 

limit of the instrument. However, in the presence of the monolayer of 1, the specific emission 

lines of the ions are readily visible, indicating a surface enrichment of both ions. The photon 

signals arising from the scattering of the primary beam from water surface and the water-

saturated helium vapor are also visible (Thomson and Compton around 13.4 keV), as shown in 

Figure 4, and their intensities serve for normalization purposes between different experiments. 

For each sample, a series of fluorescence measurements were repeated at time intervals of ~ 20 - 

60 minutes showing time-dependent accumulation of surface Cu2+. For similar concentrations, 

the intensity of the emission lines of Cu2+ are almost 25 to 38 times those of Co2+, a direct 

evidence for significantly stronger affinity for Cu2+ carboxylic template formed by 1. Even for 

Cu2+ ions at extremely low concentration, the fluorescence data unambiguously show that there 

is surface binding of copper at a bulk concentration of 1.4 × 10-5 M, as seen in Figure 4. By 

comparing the relative intensity values, the surface excess of Cu2+ ions is approximately 20 - 30 

times lower than that observed on a 1.4 × 10-3 M CuCl2 subphase, and it is comparable to the 

surface excess of Co2+ ions on a 10-3 M aqueous CoCl2 subphase. 

We note that with our set-up, the ratio between the intensity of Kα from Cu2+ and Co2+ ions of 

equivalent amount is about 1.6 based on analysis of Figure 5, as discussed below. Moreover, the 

emission line intensities for surface-bound Cu2+ ions increase over time, suggesting a persistent 
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surface aggregation of the ions, in contrast to the time-independence for surface-bound Co2+ ions. 

We argue that the time-dependent enhancement is not induced by X-ray irradiation as it is 

observed for Cu2+ ions but not for Co2+ ions, under practically identical conditions and within 

similar time scales. 

To quantify the amount of the surface-bound ions, fluorescence measurements for bulk ion 

solutions of known concentrations were also performed. Figure 5 shows the angular dependence 

of the fluorescence intensity (integrated over the Kα emission line) for the aqueous CuCl2 and 

CoCl2 solutions normalized to the same concentration, i.e. 10-3 M, both with a bare surface. The 

intensity at each incident angle (and equivalently each Qz), Ibulk (αi), can be profile-fit with the 

equation 

bulkiiibulk )()()( nDCTI ααα =   (1) 

where T(αi) and D(αi) are the Fresnel intensity transmission function34 and the penetration depth 

function normal to the surface, respectively.35 nbulk is the known concentration of the aqueous 

ions solution. For the same scattering geometry in all fluorescence measurements, the scaling 

factor C, after normalization to the incident beam intensity, depends on the efficiency of the 

detector for photons of different energies and elemental fluorescence yields, thus being element 

specific. It is found that the ratio of C of Cu2+ to Co2+ is 1.6, for the same bulk concentration of 

ions. 

The Qz-dependence of fluorescence intensities in Figure 5 is shown for a 1.4 × 10-3 M aqueous 

CuCl2 subphase in the absence of the monolayer of 1, and in the presence of the monolayer but 

measured sequentially at time T0, T1 and T2, with T0 < T1 < T2, and time separation of ~ 30 

minutes to 1 hour. The surface fluorescence intensity is given by 

Page 18 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 19

( ))(/exp)()( iionsurfaceiisurface ααα DznCTI −=   (2) 

where zion is the position of a thin ion enriched layer beneath the air-layer interface (z = 0) and 

nsurface represents the surface excess number of ions per unit of area. It is found that the intensities 

at αi < αc can be profile-fit with Eq. (2), where the best-fit parameters give zion ≈ - 11 and - 16 Å 

and nsurface ≈ 0.03 and 0.05 Å-2 for data collected at T1 and T2, respectively. The shaded area in 

Figure 6 is calculated by Eq. (1) and (2) with lower boundary corresponding to zion = - 10 Å and 

nsurface = 0.02 Å-2 and upper boundary corresponding to zion = - 20 and nsurface = 0.06 Å-2, thus 

providing a semi-quantitative estimate of the surface ion population and a prediction of the 

fluorescence intensity beyond αc. Using the molecular area ~ 115 Å2 obtained from the isotherms 

we obtain 4.6 ± 1.2 Cu2+ per molecule of 1, equivalent to 1.2 ± 0.3 Cu2+ per carboxylic group. 

Similar analysis for the monolayer of 1 on Co2+ yields nsurface ~ 0.001 Å-2 or 0.15 Co2+ per 

molecule of 1. For αi > αc, Qz-scan data deviate from the model prediction based on the data 

collected below Qc (solid lines in Figure 5). The shaded area, containing the data collected only 

below Qc, provides an estimate of the surface excess of the Cu2+ ions based on the simplistic 

surface Cu2+ ions enrichment model, i.e. Eq. (1) and (2), and further predicts the fluorescence 

data expected above Qc. In general, in a full Qz fluorescence scan, a thin layer of surface 

fluorescing ions gives rise to a surface enhancement near Qz = Qc due to the evanescence effect. 

This fluorescence enhancement levels off for Qz > Qc, as the X-rays penetrate deeper into the 

bulk. These features can be observed in similar studies of specific, fluorescing elemental surface 

excess in the presence of charged monolayers on aqueous surfaces.36 The apparent upturn of the 

fluorescence intensity with Qz is anomalous and fails to be accounted for by this simple model. 

This anomaly has been observed repeatedly and it is specific to the fluorescence data collected at 

αi > αc for the 1-CuCl2 system when X-rays penetrate into the bulk. It can be qualitatively 
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attributed to the formation of non-uniform (of time-dependent sizes) clusters of Cu2+ ions in the 

bulk that interact with the monolayer. 

The reflectivity data, R(Qz), are normalized to the calculated Fresnel reflectivity, RF, of an ideally 

sharp and flat air-water interface. The R/RF of 1 on different aqueous subphases and the 

structural parameters that are used to fit the data are shown in Figure 6 and Table 2, respectively. 

 

Figure 6. (a) Reflectivity data (R) normalized to the Fresnel reflectivity (RF), R/RF, for the monolayer of 1 

on water, on 10-3 M aqueous CoCl2 and CuCl2 solutions and on a 5 × 10-3 M aqueous CoCl2 solution. (b) 
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Corresponding best-fit electron density (ED) profiles across the interfaces. The solid lines in (a) through 

most data points are calculated in terms of the ED profiles in (b). 

Table 2. Structural parameters of the monolayer of 1 on various subphase conditions in terms of the 

reflectivity data analysis. 

 Water CoCl2 (10-3 M) CuCl2 (10-3 M) CuCl2 (5 × 10-3 M) 

d1 (Å) 7.3 ± 0.6 9.1 ± 0.8 12 ± 3 8.2 ± 0.8 

ρ1 (e/Å3) 0.353 ± 0.007 0.381 ± 0.004 0.35 ± 0.03 0.35 ± 0.01 

d2 (Å) 7 ± 2 7 ± 2 10 ± 2 8 ± 2 

ρ2 (e/Å3) 0.49 ± 0.04 0.49 ± 0.04 0.48 ± 0.05 0.54 ± 0.04 

d3 (Å) 10.6 ± 0.7 10.1 ± 0.6 11.0 ± 1.0 11.4 ± 0.8 

ρ3 (e/Å3) 0.29 ± 0.01 0.26 ± 0.01 0.27 ± 0.04 0.27 ± 0.02 

σ (Å) 3.2 ± 0.2 3.0 ± 0.2 3.9 ± 0.2 2.9 ± 0.2 

Γe (e/Å2) 0.61 ± 0.08 0.75 ± 0.10 0.95 ± 0.24 1.01 ± 0.11 

nion N/A 0.65 ± 0.60 1.5 ± 1.1 1.7 ± 0.6 

��,���
�  1.3 6.8 2.7 1.9 

The reflectivity data are interpreted using a three-box model, where the monolayer ED profile is parsed into three 
boxes (or layers) along the surface normal. Three pairs of values, (ρ1, d1), (ρ2, d2), and (ρ3, d3) refer to the ED and 
the thickness for each layer of the strata on the aqueous surface with the subscript 3 and 1 denoting the top and 
bottom layer in direct contact with the vapor phase and the aqueous subphase, respectively. The common interfacial 
roughness is denoted by σ.34 The surface excess electron density is denoted as Γe, which is defined as �	 ≡
∑��� − ����� × ���, (i = 1, 2, 3), and ρsub represents the electron density of the aqueous subphase (0.334 e/Å3). The 
number of surface bound metal cations (Cu2+ or Co2+) per molecule is denoted as nion. Using a space-filling model,37 
nion can be estimated based on the molecular area A0 (115 ± 5 Å2 molecule-1 for the monolayer of 1 compressed at a 
surface pressure of 20 mN m-1, in terms of the isotherm data), surface electron excess Γe, and the cationic volume 
(denoted as vion and calculated using the tabulated ionic radii, 0.74 Å for Cu2+ and 0.65 Å for Co2+), that is, ���� =
����

 �/"���
 − #���$���� where ∆(A0Γ

e) is the difference of (A0Γ
e) for the monolayer of 1 on pure water and on 

the subphase containing metal ioins. "���
  is the number of electrons in a single cation (27 for Cu2+ and 25 for Co2+, 

respectively). Details of the calculation of nion in terms of the structural parameters can be found elsewhere.36,38 The 
refinement of the reflectivity data was carried out using the Parratt’s exact recursive method.34 The quality of the 
profile fitting was measured with the reduced χ2, namely,	��

�. The multi-dimensional parameter space was sampled 
through the Monte-Carlo method.39 The ranges of the structural parameters given in the table correspond to an 
increase in ��

�
 from its minimum, ��,���

� , by no more than 100%. Note that the reflectivity measurements were 
performed prior to fluorescence and GID measurements and therefore the number of ions per molecule may be 
fewer than those extracted from fluorescence data because of potential time-dependent binding. 
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One qualitative feature in the R/RF data is the first reflectivity minimum position in Qz, denoted 

as Q'z. A simple rule, developed by Kjaer,40 states that Q'z ≈ 3π (lH + 2lT)-1, where lH and lT 

represent the thickness of the hydrophilic head group and hydrophobic tail group of the film, 

respectively. Figure 6 shows that Q'z ≈ 0.33 Å-1, corresponding to (lH/2 + lT) ≈ 14.3 Å, for R/RF 

data of the monolayer of 1 on pure water. In the presence of a 10-3 M aqueous CoCl2 solution, 

the value of Q'z barely changes, indicating weak or even non-cationic binding. In contrast, in the 

presence of a 10-3 M aqueous CuCl2 solution, the Q'z shifts to a lower value ~ 0.3 Å-1, 

corresponding to (lH/2 + lT) ≈ 15.7 Å, i.e. a thicker monolayer. Further increase of the bulk CuCl2 

concentration barely changes the value of Q'z, suggesting that the monolayers are approaching 

saturation of ion binding. Figure 6 shows the corresponding electron-density (ED) profiles 

constructed in terms of best-fit structural parameters (Table 2). From the left to the right, four 

regions are readily associated with the subphase, head groups, tail groups, and vapor phase. 

Based on the structural parameters extracted from reflectivity analysis, the binding ratio of 

surface bound cations (Cu2+ or Co2+) per molecule of 1, denoted as nion, can be evaluated. Using 

a space-filling model,37 nion can be estimated based on the molecular area A (~ 115 Å2 for all 

subphases), surface electron excess Γe (see Table 2) and the cationic volume (denoted as vion and 

calculated using the tabulated ionic radii, 0.74 Å for Cu2+ and 0.65 Å for Co2+ ions. Details of the 

calculation of nion in terms of the structural parameters can be found in the footnote of the Table 

2 and elsewhere.36,38 For copper, the reflectivity results suggest an average of 1.5 ± 1.1 Cu2+ per 

molecule of 1 (for a 10-3 M aqueous CuCl2 subphase), which is near the lower bound of the 

stoichiometric ratio extracted from the fluorescence results. For Co2+ ions, the reflectivity 

evidence for surface binding is relatively weak due to the estimate value (0.65 Co2+ per 

molecule) is comparable to the associated error (± 0.60 Co2+ per molecule). Nevertheless, the 
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binding ratio estimated from fluorescence (0.15 ± 0.04 Co2+ per molecule) falls within the range 

provided by the reflectivity analysis. 

The GIXD scans integrated over Qz as a function of Qxy, cf. Figure 7, were performed in the 

attempt to look for possible ordering of the Cu-headgroup and determine the formed complexes 

at the interface. However, as discussed below, we only observed diffraction peaks from the 

hydrocarbon chains and water. 

 

Figure 7. Integrated GIXD data over Qz = 0 - 0.2 Å-1 as a function of Qxy at αi = 0.065°. The symbols 

represent the integrated diffraction intensity from a bare surface of water (circles), from the monolayer of 

1 on 1.4 × 10-5 M (squares) and 1.4 × 10-3 M (downward triangles) aqueous CuCl2 solutions, and on 10-5 

M (upper triangles) and 10-3 M (diamonds) aqueous CoCl2 solutions, respectively. 

For a bare water surface, the GIXD intensity is a superposition of a diffuse scattering due to 

capillary that falls off with Qxy and water structure factor with a prominent peak centered 

between 1.9 and 2.0 Å-1.28 In the presence of the monolayer of 1 compressed at 20 mN m-1, an 

additional broad peak emerges at ~ 1.4 Å-1 due to liquid-like phase of the hydrocarbon chains as 
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previously observed.27 However, as shown in Figure 7, high bulk concentrations of Cu2+ ions 

(1.4 × 10-3 M) dramatically change the GIXD pattern over the entire measured Qxy range. We 

emphasize that for these high Cu2+ concentrations, the GIXD is much more intense though it 

does not yield the exact same pattern for different preparations. This suggests sporadic non-

uniform Cu2+ clusters form contiguous to the monolayer making the surface rougher and 

enhancing the diffuse scattering over the whole Qxy range. This is consistent with the anomalous 

behavior of the fluorescence discussed above. More studies are necessary to fully determine the 

details of this anomaly. 

CONCLUSIONS 

The interactions of Langmuir monolayers of 1 with the divalent fourth-period transition-metal 

ions Cu2+, Co2+, Mn2+ and Ni2+ were investigated by means of Langmuir compression isotherms, 

BAM, and surface sensitive X-ray scattering methods. The data indicate that the macroscopic 

and microscopic structure of the monolayer of 1 is considerably affected by Cu2+ ions, 

suggesting a strong interaction of this transition metal ion with the monolayer. Quantitative X-

ray fluorescence measurements near the critical angle for total reflection show significant 

amount of bound Cu2+ ions beyond what would be necessary to bind the four carboxylic groups 

of 1. Furthermore, the various X-ray results strongly suggest that Cu(II)-hydroxide clusters form 

deep below the monolayer. In contrast, Co2+ ions at similar concentrations bind to the monolayer 

at a surface density about 30 times lower than that of Cu2+ ions. The binding and cluster 

formation of Cu(II)-hydroxide is found to be strongly time-dependent such that, within the time 

frame of experiments (from 1 to 3 hours), Cu2+ ions continuously accumulate beneath the 

monolayer. 
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