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ABSTRACT

Mixed Langmuir monolayers of 10,12-Pentacosadiynoic acid (DA) monomer and an
amphiphilic Hemicyanine dye derivative have been formed at the air/water interface. Two
derivatives of docosylpyridinium have been used, with either one included in the monolayer in
1:1 molar ratio. The DA monomers within the mixed monolayers have been polymerized in situ
at the air/water interface. The crystalline structure of the monolayer and the kinetics of
polymerization have been probed grazing incidence X-ray diffraction (GIXD). The
polymerization of DA proceeds with no phase segregation, exclusively leading to the red
polydiacetylene form. The kinetics of polymerization at the air/water interface has been
monitored in situ by GIXD. The experimental results have been combined with Molecular
Mechanics computer simulations, revealing that DA molecules are sequentially arranged with
molecules of Hemicyanine dye in alternating rows. The hydrophobic chains of the dye
molecules act as spacers between the DA monomers. Surprisingly, such molecular arrangement
does not hinder the in situ photopolymerization of DA. The mechanism of polymerization of
DA within the mixed Langmuir monolayers has been convincingly described in molecular
detail. This approach for interfacial polymerization of DA holds great potential for optically
active devices and nanostructures comprising self-assembled thin films based in

polydiacetylene.
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1. Introduction.

Diacetylene (DA) displays highly promising features thanks to the sensing properties of
polydiacetylene (PDA), showing a remarkable optical response.** The amphiphilic derivatives
of DA are especially interesting as they can be self-assembled onto 3D nanostructures with
enhanced optical properties.> The stability of the self-assembled PDA structures is superior to
similar architectures, i. e., liposomes, promoting the application in biomedicine and therapy.®’
Assembly and polymerization of DA onto planar surfaces have rendered interesting materials,
with 10,12-pentacosadiynoic acid as a forefront monomer.®® DA can be polymerized in situ at
interfaces using the simple procedure of irradiation with UV light.'*** The Langmuir technique
is an advantageous platform for the study in fine detail of the assembly and polymerization
processes of DA at air/liquid interfaces.*?

The backbone of PDA contains alternating double and triple bonds. The backbone can
be aligned in a periodic manner with an absorption band centered at ca. 650 nm, being the
“blue” PDA phase. The backbone can alternatively display a certain local torsion with no net
torsion on the PDA polymer chain, then having the absorption band centered at ca. 550 nm and
being the “red” PDA phase.” The topological features of the PDA are therefore fundamental in
the optical properties and the subsequent applications of PDA. Introducing functional groups to
PDA nanostructures allows new applications: a mixed PDA surface containing biotin and
ethanolamide bound the target, i.e., streptavidin, more specifically than did biotin alone. The
optimized PDA biosensor exhibited approximately 2850-fold higher selectivity for streptavidin
relative to bovine serum albumin controls.** In this context we have reported that 10,12-
pentacosadiynoic acid can be successfully incorporated in mixed Langmuir monolayers with an
amphiphilic hemicyanine dye, either 4-[(4-hydroxy)styryl]-1-docosylpyridinium bromide (HSP)
or 4-[4-(dimethylamino)styryl]-1-docosyl- pyridinium bromide (SP), see Scheme 1.A.">*® Three
main factors contribute to an optimum molecular packing: a) the spatial match of the
hydrophobic chains, b) the successful formation of an ion pair between the polar headgroups, ¢)
the correct balance between the effective molecular area of the hydrophobic chains and the polar
headgroups of both molecules.

The polymerization of DA is a 1-4 addition with topochemical control in both initiation
and growth steps.'” Lateral and top views of a DA network adapted from the cell parameters
from Lifshitz et al. is shown in scheme 1B,C.*® The polymerization of DA in bulk solution
occurs exclusively along of the direction of r axes, leading to the blue PDA as primary reaction
product, see Scheme 1D." In that case, polymerization along the k axis does not occur. In
principle, the polymerization of DA on surfaces, such as mixed Langmuir monolayers should
meet the mentioned topochemical condition. Surprisingly, herein we could quantitatively assess
that while such requirement is not met by the mixed Langmuir monolayers containing DA due

to the molecular organization within the monolayer, the polymerization of DA indeed takes
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place. Using synchrotron grazing incidence X-ray diffraction (GIXD), DA:HSP and DA:SP
mixed Langmuir monolayers are studied in detail. In contrast to the bulk polymerization of DA,
the mixed Langmuir monolayers containing DA display a polymerization process through
different geometric criteria. A similar mechanism to the observed for the 2D
photopolymerization of DA adsorbed on graphite is proposed, where the diacetylene units are
ordered in a similar way as are placed along the k axis in Scheme 1.2%%

B)

k
PSS - - =N
©
DA
HSP SP

SCHEME 1. (A) Molecular structures of 10,12-pentacosadiynoic acid (DA), 4-[(4-
hydroxy)styryl]-1-docosylpyridinium bromide (HSP), 4-[4-(dimethylamino)styryl]-1-docosyl-
pyridinium bromide (SP). (B) Lateral and (C) top views of a sketch of pure DA network built
from the cell parameters from Lifshitz et al., see Table 1for values of cell parameters.*® Inset in
C: geometric criteria for 2D cell parameters. (D) Topochemical 3D polymerization of DA along
the r-axis.

2. Experimental section

2.1. Materials.

10,12-Pentacosadiynoic acid (DA) was purchased from ABCR (Germany) and purified as
follows: The diacetylene monomer was dissolved in chloroform and filtered through a 0.45 um
nylon filter. Purified powder was obtained by evaporation of the solvent. 2 Hemicyanine dye,
4-[(4-hydroxy)styryl]-1-docosylpyridinium bromide (HSP) and Hemicyanine dye, 4-[4-
(dimethylamino)styryl]-1-docosyl- pyridinium bromide (SP), were purchased from Sigma-
Aldrich and used as received. The spreading solutions for each component were prepared using
chloroform as a solvent. A mixture of trichloromethane and methanol, ratio 3:1 (v/v) was used

as cospreading solvent. All mixed Langmuir monolayers composed by two components were
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prepared in 1:1 molar ratio. The pure solvents were obtained from Aldrich (Germany) and used
without further purification. Ultrapure water, produced by a Millipore Milli-Q unit, pre-treated
by a Millipore reverse osmosis system (>18.2MQ[lcm), was used as a subphase. The subphase
temperature was in all cases 21°C, with pH 5.7.

2.2 Methods.

Two different models of NIMA troughs (NIMA Technology, Coventry, England) were used in
this work, both provided with a Wilhelmy type dynamometric system using a strip of filter
paper: a NIMA 611D with one moving barrier for the measurement of the reflection spectra and
a NIMA 601, equipped with two symmetrical barriers to record BAM images. The monolayers
were compressed at a speed of 0.03 nm? min* molecule ™. For the UV irradiation a UV lamp (A
= 254 nm, 10 W) was mounted on top of the trough, keeping a distance of ca. 5 cm from the
mixed Langmuir monolayer.

The GIXD measurements were performed on the SIRIUS beamline at the SOLEIL synchrotron.
The details and optics of the facility are described elsewhere.?® The incident X-ray energy used
was 10.5 keV (A =0.118 nm) and the beam size was 0.1 x 1 mm? (V x H) at the sample position.
The water surface was illuminated at an incident angle of 1.8 mrad below the critical angle of
the air—water interface (2.04 mrad at 10.5 keV), so that the incident wave was totally reflected,
while the refracted wave became evanescent, exploring a layer of several nanometers beneath
the interface. The scattered intensity was collected with a low noise, position sensitive, 1D gas
detector, with 2048 channels on 150 mm. A custom-built Langmuir trough was enclosed in a
temperature controlled, sealed chamber and flushed with helium during data collection to reduce
gas scattering and to avoid beam damage to the monolayer. A quartz window allows the vertical
UV irradiation of the film without opening the sealed through maintaining then the helium
atmosphere. GIXD was used to obtain in-plane information about the molecular structure of the
surface. The spectra were obtained by varying the X-ray, momentum transfer, in-plane
component g, that is parallel to the air—water interface. The scattered intensity was measured as
a function of the angle, 20, between the incident and diffracted beam projected onto the
horizontal plane.

2.3 Computer Simulations.

Semiempirical PM3 methods for geometry optimization of DA, HSP and SP units were used.”
The optimized structures are place in 2D periodic box of predefined size, according the
simulated system. Starting from different initial positions, the structures were optimized by
using COMPASS method.”
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3) Grazing incidence diffraction experiments.

Previous reports on polymerization of DA onto PDA at the air/liquid interface.

Previous GIXD studies on Langmuir monolayers containing DA provide results that are
not completely consistent, probably due to different experimental conditions. Note that a slight
polymerization of the DA monolayer might take place, given the irradiation with X-ray light
during GIXD experiments. Despite the DA monolayer on pure water is not stable, the stability is
improved by spreading on a basic subphase.”® Therefore, Gourier et al. performed the
experiments on a subphase with pH =7.5 using a sodium tetraborate buffer. Moreover, filtered
DA solutions were used to remove residual polymer present in the commercial compound.?
Such experimental conditions for the non-polymerized monolayer at 20 mN/m (22°C) leads to
two g, diffraction peaks at g,, =1.38 A* and Oxy = 1.50 Al see Table 1. The diffraction pattern
is consistent with an oblique cell of a = 5.13 A, b =4.72 A (b = 8.88 A), y = 117.4°, the cell
parameters defined in Figure 1C. The area per unit cell is A= 21.5 A% The polymerized
monolayer composed by PDA displays two diffraction peaks at g,, = 1.47 and gy, = 1.54 A™*,
plus one significantly weaker at gy, = 2.55 A™. The dimensions of the associated oblique unit
cell are a = 5.05 A, b =4.81 A, y = 122° and A= 20.5 A% Although no data on the optical
features of the PDA were provided, taking into account the pH of the subphase as commented
above the red form of PDA is assumed.

Lifshitz et al. performed the GIXD experiments on water subphase at 25mN/m,
experimental conditions for producing a trilayer of DA.® The structure of the film was
described as two sublayers: a) the hydrophobic methyl-terminated alkyl and b) hydrophilic
carboxyl-terminated alkyl chains. The two sublayers are attached on different sides of the
diacetylene polymer backbone. The q,, diffraction peaks were classified into two groups: one
group with much weaker signal and values of g, > 0.8 A™* (hydrophobic sublayer), and another
group with comparatively stronger signal and q,<0.5 A™ (hydrophilic sublayer) in contact with
the aqueous subphase. The peaks at g, < 0.5 A™ are exclusively analyzed here, see Table 1. One
diffraction peak at gy, = 1.37 A" was obtained for the DA monolayer prior to polymerization.
This diffraction pattern is consistent with a hexagonal structure which can be also described
with a two molecules rectangular cell with a=5.27 A, 5’ =9.13 A, a =90° (y = 120°), A= 24.05
A? and no tilting of the hydrophilic chains. Concerning the PDA polymer at the air/water
interface, the two forms of PDA were considered. For the blue PDA phase, three g,y diffraction
peaks with q,<0.5 A" are observed: @, = 1.3 A", 1.38 A", and, 1.49 A™. The blue phase
resulting cell is centered-oblique witha =49 A, »°=9.73 A (b =5.63 A), a =85° (y = 120.7°9)
and A = 23.73 A%molecule. In this case the tilt angles of the carboxyl terminated sublayers are
ca. 18°. For the red PDA phase," three diffraction peaks, with q,<0.5 A™ were found: g,y = 1.45
Al 159 A and, 1.61 A™. In this case, the resulting cell is a centered quasi-rectangular cell
witha=49A b =782 A (b =4.83 A), a =85° (y = 126.3°) and A = 19.2 A%/molecule. The
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blue-to-red transition was described as a decrease in the area per unit cell, as well as an upright,

near-vertical, positioning of both the alkyl and alkanoic residues.

Table 1. Reported values for in-plane gy, of GIXD diffraction peaks, cell parameters, a,
b (in A), yand A (in A%
DA Blue PDA Red PDA
Gourier et al.”’ 0w =1.38, 1.5 1.47,1.54
a=5.13,b=472 a=5.05,b=4.81,
y=117.4° vy =122°,
A= 21.5. A=20.5
Lifshitz et al.”® Quy = 1.37 1.3,1.38, 1.49 1.45,1.59, 1.61
0,<0.5 A*
a=b=5.27, a=49,b=563 |a=49 b=483
y=120°, y =120.7°, y=126.3°,
A= 24.05 A=23.73 A=19.2

Pure SP and HSP component.

The surface pressure-molecular area isotherms of the amphiphilic hemicyanine SP
monolayer can be tuned by using different ions in the aqueous subphase.?® The H-aggregation of
the hemicyanine group is significantly influenced by such ions. Brewster angle microscopy
(BAM) reveal an inhomogeneous morphology® and no GIXD diffraction peaks were obtained
for the SP Langmuir monolayer at all surface pressure..

Likewise, the BAM images of the amphiphilic hemicyanine dye HSP monolayer reveal
inhomogeneous films.'® However, three diffraction peaks at q,, = 1.38 A™, 1.465 A™, and, 1.577
A were obtained by GIXD for = = 30 mN/m, see Figure 1 and Table 2. Assuming a single
structure, a rectangular unit cell with a = 5.32 A, b = 493 A, y = 121.8° and A= 19.9 A% is
obtained.*® Note the area per HSP molecule (ca. 20 A% is significantly different from that
observed in the isotherm (ca. 40 A? at a surface pressure of 30 mN/m).

a.u.

1 1 1 1 1 ! NS
1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70

Gy A
FIGURE 1. GIXD diffraction peaks for the HSP monolayer at 30 mN/m. Inset: Diffraction

intensities versus the in-plane and out-of-plane scattering vector component gy, and g,.
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TABLE 2: In-Plane g, (A™)* and Out-of-Plane g, (in A") Components of the Scattering
Vector and cell parameters of the HSP Monolayer at T= 21°C and z = 30 mN/m

HSP | Oy =1.378 (0.028), g,1 =0 a=531A
Oxy2 =1.47 (0.133), g, = 0.43 b’ =7.97 A=21.1A?
Oxys = 1.587 (0.018), q,5 =0.43 o = 86.16°

#) The full-width at half-maximum (FWHM) of the peaks are given in brackets

Mixed Langmuir monolayer DA:HSP.

Both amphiphilic hemicyanine dye HSP and SP are able to form homogeneous mixed
Langmuir monolayers with amphiphilic anionic molecules, such as 10,12-Pentacosadiynoic acid
(DA),***® and phospholipid (DMPA).?

The mixed monolayer DA:HSP displays a phase transition at ca. 15 mN/m.*® Prior to
the phase transition, no micrometric structures were observed by BAM, whereas domains that
grow with further increase of the surface pressure are detected after the phase transition, see
inset in Figure 2. No GIXD signal was detected below 15 mN/m, before the phase transition.
However, at higher values of surface pressure, after the phase transition and coincidentally with
the bright domains, a significant GIXD signal was detected. Note the GIXD information at the
nanometric scale is complementary to the BAM domain morphology at the micrometric level.

At 7 = 35 mN/m, 2 diffraction peaks, at gy, = 1.46, 1.56 A™, and a shoulder at 1.44 A™
were obtained, see Figure 2 and Table 2. Assuming a single ordered phase, this diffraction
pattern is consistent with a triclinic cell of a = 4.81 A, b =5.15 A (b’ = 8.82 A), y = 123.5°, and
an area per unit cell, A= 20.7 A% The X-ray intensities as a function of the scattering vector
components gy, and ¢, for the mixed Langmuir monolayer DA:HSP is shown in Figure 3A. The

hydrophobic chains are located perpendicular to the interface (g,~ 0).

DAHSP, 7= 35 mN/m

Increased
irradiation time

A

a.u.

1
1.40 1.45 1.50 1.85 1.60 1.65 1.70

Gy A
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FIGURE 2. Variation of GIXD diffraction peaks for the mixed Langmuir monolayer DA:HSP
at 35 mN/m with the irradiation time with UV light. Inset: BAM image prior to the

polymerization.

The in-plane coherence length can be estimated from the full width at half-maximum
(FWHM) of the Bragg peaks, being L,, = 0.9(2r)/FWHM(dy,).>* The FWHM of the Bragg
peaks, indicate that it correspond to ca. 40 alkyl at 35 mN/m. From BAM, the DA:HSP
monolayer displays flower-like shape domains with planes with different brightness that are
assumed to be the ordered phase., Yet the inner region of each plane shows a constant value of
reflectivity. Given many crystalline defects are present within the domain, a large number of

crystallites are contained in each domain.

A) 06 B) 06
W04 =
< o 0.4
@l\“ N

0.2 Wo.z

0.0 0.0

14 15 16 17 4 15 1.6 L7
QXy /AJ 9xy /A'l

FIGURE 3. X-ray intensities versus the in-plane and out-of-plane scattering vector component
Oxy and g, for the mixed Langmuir monolayer DA:HSP at 35 mN/m. (A) before polymerization,

and (B) after the polymerization.

The thickness of the diffracting plane (L,) can be estimated from the full width at half-
maximum (FWHM) of the Bragg rods by the following equation: L, ~ 0.9(2x)/FWHM(q,).
From the Bragg rods (Table 1), the thickness of the scattering centers, the alkyl chains, would
be ca. 26 A. Assuming an all-trans conformation for the hydrocarbon chains, the length of a
alkyl chain (C22) from the HSP will be L., = (1.26 x 21+ 1.5) = 28 A. Thus, a good agreement
is obtained between the expected thickness of the monolayer and the experimental value
obtained by GIXD.

\ TABLE 3: In-Plane g, (A2 and Out-of-Plane g, (in A™) Components of the Scattering \
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Vector and cell parameters for DA:HSP and PDA:HSP system at T=21°C
aA | b, A ¥ A, A?
DA/HSP Oxy1 =1.436 (0.033), 0,4 =0
Ohyz =1.462 (0.044), Gz = 0 476 |8.74(5.14) | 121.9° 20.8
Oxys = 1.565(0.03), q,5 = 0 (0.22)
PDA/HSP Oxy1 =1.488 (0.05), .
Oy = 1.516 (0.05) 491 |8.30(4.79) | 120 20.4
ga = 0(0.2)

%) The full-width at half-maximum (FWHM) of the peaks are given in brackets

The irradiation of the DA:HSP monolayer with UV light induces the in situ
polymerization of DA at the air/liquid interface. Therefore, an emerging peak at 520 nm was
detected, related to the formation of the red PDA polymer at the air/water interface.’® The
kinetics of the interfacial polymerization has been followed in situ by monitoring the GIXD
peaks along the irradiation, see Figure 2 and Table 2. A shift of the diffraction peaks is observed
from q,, = 1.46, 1.56 A™ before polymerization (up to g, = 1.49, 1.52 A™ when the
polymerization is complete. These GIXD peaks are partially overlapping. This final diffraction
pattern is consistent with an orthorhombic cell of a =4.91 A, b =4.15 A (b’ = 8.29 A), y = 120°,
and an area per unit cell, A= 20.4 A% The hydrophobic chains are located completely
perpendicular to the interface (g, = 0).The 2D plot of the X-ray intensities as a function of g,
and g, is shown in Figure 3. The in-plane coherence length Ly, ca. 120 A can be estimated,
corresponding to ca. 25 hydrophobic chains.* Despite the shape of the domains observed by
BAM retain its form and size after the polymerization, the coherence length of the organized
structure decreases slightly with polymerization of the DA,. The calculated thickness of the
monolayer after the polymerization, L, is equal to ca. 28 A is in good agreement with the

expected value assuming an all-trans conformation of the hydrophobic chains.
Mixed Langmuir monolayer DA:SP.

The mixed Langmuir monolayer DA:SP displays a phase transition at ca. 9.5 mN/m, as

> Small circular

no micrometric structures are observed by BAM before such transition.
domains were observed for values of surface pressure greater than 9.5 mN/m. The domains
grow and shown a complex texture with further increase of the surface pressure, see Figure 4,

Inset.
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DA:SP, 7= 35 mN/m

a.u.

irradiation

1.425 1.450 1.475 1.500 1.525 1.550

Gy A

FIGURE 4. GIXD diffraction peaks for the mixed Langmuir monolayer DA:SP prior to in situ
polymerization (black line) and after polymerization for the mixed Langmuir monolayer
PDA:SP (red line). Both GIXD experiments were performed at 35 mN/m. Inset: BAM pictures
A) prior to the polymerization, B) after the polymerization, C) after expansion of the PDA:SP

monolayer.

No GIXD signal was detected below 9.5 mN/m, before the phase transition. However, a
significant GIXD signal was detected at higher surface pressure, after the phase transition,
coincidentally with the appearance of the domains. A single diffraction peak at gy, = 1.494 A™
was obtained at 35 mN/m. This diffraction pattern is consistent with a hexagonal cell of a=b =
4.86 A, (b’ =8.41 A), and an area per unit cell, A= 20.4 A? (see Table 3). The X-ray intensities
as a function of the scattering vector components q,, and ¢, are shown in Figure 5. The

hydrophobic chains are located approximately perpendicular to the interface.
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FIGURE 5. X-ray intensities versus the in-plane and out-of-plane scattering vector component
Oxy and g, for the mixed Langmuir monolayer DA:SP at 35 mN/m A) prior to in situ
polymerization, B) after the in situ polymerization.

The in-plane coherence length, range at ca. 35 alkyl chains at 35 mN/m, similarly to the
DA:HSP monolayer, see above. The thickness of the diffracting plane (L,) can be estimated to
ca. 22 A.

The DA molecules within the mixed Langmuir monolayer DA:SP have been
polymerized by irradiation with UV light. The brightness of the domains increase after the
polymerization of DA, with no change in shape. The expansion of the DA:SP monolayer leads
to disappearance of the domains, whereas expansion of the polymerized PDA:SP monolayer

evidence stable and rigid domains, see Inset in Figure 4.%°

Table 3. q.,0,(A™) and cell parameters, a, b (&), y and A (A% for DA:SP and PDA:SP

mixed Langmuir monolayers

a, A bk, A |y A, A?
DA:SP Oxy =1.494 (0.034), 5
4, = 0(0.25) 486 |8.41(4.86) | 120 20.4
PDA:SP Oy =1.485 (0.046),
Oxy2 = 1.51 491 |8.30(4.79) | 120° | 20.4
0,1 = 0(0.22)

A splitting of the GIXD diffraction peak after polymerization is observed, obtaining
values of q,, = 1.485 and 1.51 Al This diffraction pattern is consistent with an orthorhombic
cell of a =491 A b =416 A (b’ =832 A), y = 120°, an area per unit cell, A= 20.6 A>. The
hydrophobic chains are located completely perpendicular to the interface.

Similarly to the DA:HSP monolayer (see above), the polymerization increased the
FWHM of the Bragg peaks. Thus, the coherence length is reduced from 35 to ca. 25 after the
polymerization. Moreover, the thickness of the monolayer (L,) can be estimated as ca. 26 A, in a
good agreement with an all-trans conformation. Although the diffraction spectrum evolves from
a hexagonal to orthorhombic structure, a complete segregation of the individual components of
the mixed monolayer is ruled out, given the observed GIXD diffraction peaks do not correspond

to those peaks of the isolated components, SP and PDA.

4. Molecular model for Langmuir monolayers containing DA prior to polymerization.

No diffraction peaks corresponding to the isolated components have been observed for
both DA:HSP and DA:SP system, which suggests the formation of mixed homogeneous
Langmuir monolayers, confirming previous studies based on BAM and UV-vis reflection

spectroscopy.'>*® Despite the GIXD results cannot rule out a coexistent and disordered phase,
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we note that such phase must be composed of DA and either HSP or SP in equimolar ratio,
given no diffraction peaks corresponding to the isolated components have been observed.

The similar length of the hydrophobic chains of either hemicyanine dye combined with
the DA molecule is beneficial for an optimum molecular packing, as commented above. Note
however that the hydrophobic region of the DA molecule is composed by two segments that are
tilted with respect to each other at the diacetylene group. Despite both hydrophobic segments
are completely vertical respect to the air/water interface as deduced from the GIXD results, the
hydrophobic segments are not coincidentally arranged on the same vertical. The hydrophobic
segments are displaced with respect to each other by ca. 3.7A from molecular modeling, see
Scheme 2A. Such a conformation is hardly compatible with the HSP or SP molecules displaying

a completely vertical hydrophobic chain.

A) B) C)
> D> D> 2
> P X
£ £ 13
)

~3.7 &Y
p (|
% sﬂ iﬂ 5# % DA
\ \ .;.-;‘(‘ ;,;';5. \‘; /,? HSP s
v ¥ | A
4.76 A

v i

SCHEME 2. Molecular structure of the DA:HSP mixed Langmuir monolayer as obtained by
Molecular Mechanics simulations. (A, B, C, D) Frontal, lateral, 3D, and top perspectives,
respectively. To improve clarity in (D), certain molecules are depicted in different colors. Note
that exclusively the hydrophobic chains located between the butadiene and the polar groups are
drawn . The 2D periodic box used is shown in D) (orange line), along with the unit cell
determined from the GIXD data (a =4.76 A, b=5.15 A and y = 121.99).

The matching between the hydrophobic chains of the HSP and DA molecules has been
analyzed by computer simulations based on Molecular Mechanics. A 2D periodic box
containing 16 intercalated molecules (8 DA and 8 HSP) was built. The size of the periodic box
is 4-a = 19.04A, 4-b-cos(y-n/2) = 17.48A, and « = 90° with p1 symmetry, see orange line in
Scheme 2D. The computational value of area per molecule is set as coincident with the

experimental value. The most stable packing between DA and HSP requires alternating rows of
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the DA and HSP molecules, see Scheme 2. The 2D periodic box is also displayed in
combination with the unit cell determined from the GIXD experiments (a = 4.76 A, b =5.15 A
and y = 121.9°), showing the good agreement between experimental and computational results.

Adjacent DA molecules are arranged with the diacetylene group and hydrophobic
segments of each DA molecule in the same plane as the neighbor molecule, see scheme 2. The
molecular model accounts for the molecular aggregation of the hemicyanine group as previously
described by UV-vis reflection experiments.*®

Note the hemicyanine group of the HSP molecule has an —OH group that might
contribute to the alignment of the rows of molecules through an aromatic hydrogen bond, see
scheme 2A.* Such hydrogen bond cannot be present in the DA:SP mixed monolayer given the
absence of the mentioned —OH group in the hemicyanine group of SP. Yet these structural
differences are not relevant as shown by the similar values of in-plane coherence length
estimated from the FWHM of the Bragg peaks.

5. Molecular model for Langmuir monolayers containing DA after the polymerization

The size and shape of the unit cell for the mixed monolayers DA:HSP and DA:SP show
significant differences, see Tables 2,3. Such differences are attributed to the subtle yet relevant
modification in the polar headgroup of HSP and SP molecules. Strikingly, the size and type of
unit cell of both PDA:HSP and PDA:SP monolayers after the in situ polymerization by
irradiation of the monolayer with UV light are similar. Thus we conclude that the structure of
the polydiacetylene impose the crystalline packing at the air/water interface even in mixed
Langmuir monolayers. Note the polymerization takes place in both monolayers with an
expansion of the unit cell along the a axis, as well as a contraction along the b axis.

The GIXD diffraction peaks for the PDA:HSP and PDA:SP monolayers point to the red
form of PDA rather than the blue form in the mixed monolayers, in agreement with previous
reports see Table 1.'8%"1°

3D polymerization of DA in bulk conditions exclusively occurs along of the direction of
the r axis, with no polymerization along the k axis, leading to the blue polymer form, see
Scheme 1D.* The molecular arrangement of the DA molecules forming the PDA polymer on
2D mixed monolayers is significantly different to the arrangement in 3D conditions, e. g., bulk
solution, although the molecular organization of the DA molecules along the k axis of the PDA
polymer is identical in both 2D and 3D scenarios. However there is no possibility of
polymerization along the k direction with the described mechanism. Therefore an alternative
mechanism for polymerization of diacetylene in 2D has been proposed, even with alignment of
the DA molecules along the k axis. 2 This different mechanism of polymerization is based on
the polymerization along the k axis in 2D, opposed to the polymerization along the r axis in
3D.20'21'34
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Computer simulations based on Molecular Mechanics were performed to attain
structural insights on the PDA within the mixed monolayers and confirm the proposed
mechanism. A 2D periodic box of size 4-a = 19.64A, 4-b-cos(y-n/2) = 16.6A, and a =90°
(orange line in Scheme 3D was built. 8 HSP molecules and 2 polydiacetylene segments of 4
DA units each forming alternating rows were included in the periodic box. The PDA segments
were built trough a 1-4 addition between neighboring DA units along the k axis.

A) . B) C)

1 D)

1

f ~~~~~~ S e s g s
OSE'S L 4 HSP

4.15 A

SCHEME 3. Structure of the PDA:HSP mixed monolayer obtained by Molecular Mechanics
simulations. (A)-(D) are frontal, lateral, 3D, and top perspectives, respectively. For a better
structure visualization, in (D), PDA is represented in red colors, and only the DA and HSP alkyl
chains fraction located between the butadiene and the polar groups are drawn. Also, in (D), the
2D periodic box used is visualized (orange line), and the unit cell determined from the GIXD
data is reconstructed (a =4.91 A, b =4.79 A and y = 1209).

The most stable structure of PDA is shown in scheme 3. The 2D periodic box for the
computer simulations is also depicted (orange line), as well as the unit cell determined from the
GIXD data (a =4.91 A, b=4.79 A and y = 120°). A good agreement of the unit cell described
by GIXD experiments with the computational results is obtained. The structure of the PDA
maintains the packing in alternating rows of PDA and either HSP or SP molecules. Similar to
the scenario prior to the polymerization, the —OH group from the HSP polar headgroup might

contribute to the correct molecular packing.

5. Conclusions
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Polidiacetylene (PDA) is a highly relevant material in nanoscience with outstanding
optical properties that can be enhanced with incorporation of PDA onto interfacial films.*®
Herein we show that the in situ polymerization of diacetylene at the air/water interface included
in mixed Langmuir monolayers with amphiphilic hemicyanine derivatives can be successfully
carried out, therefore incorporating organic dyes in nanocomposites with PDA. The possibility
of including organic dyes in mixed Langmuir monolayers with PDA might allow combining the
optical properties of both components.™>*® The crystalline structure of the mixed monolayers
could be convincingly described by GIXD. Segregation of the components induced by
polymerization has been discarded according to the GIXD results. The red form of PDA has
been detected, with no presence of the blue form of PDA in the monolayers. Computer
simulations have provided a description with atomic detail in the molecular arrangement,
pointing to a co-planar placement of the hydrophobic segments and diacetylene units of the
surfactant molecules. A mechanism of polymerization of DA in Langmuir monolayers has been
described, showing structural similarities to polymerization of DA adsorbed on 2D solid
surfaces. Such in situ polymerization of PDA on solid substrates for fabricating nanostructured
self-assembled thin films might benefit for the insights presented herein, given the mechanism
of polymerization can be similar.?*#* This work offers valuable insights for a rationale design of
new 2D hybrids containing diacetylene groups that can be polymerized in situ by simple
irradiation with UV light, then leading to new and interesting optical properties. Future work
might comprise nanocomposites displaying charge transfer between the organic dyes and

fluorophores with the PDA units, therefore enhancing the sensing capabilities of PDA.
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