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Experimental Details
X-Ray photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed in an ultrahigh vacuum (UHV)
experimental chamber equipped with a Theta Probe by Thermo Electron Co. with two-dimensional
multichannel spectroscopic detector and monochrome X-ray source (Al Ko, 1486.6 eV). All
binding energies were referenced to the energy of the C 1s peak at 285.0 eV. Atomic composition
of each sample calculated based on atomic sensitivity factors are displayed in respective survey
spectra!. Peak separation was performed by KolXPD software?. Unless mentioned otherwise, all
spectra were fitted with a combination of Gaussian and Lorentzian profile after subtraction of a
Shirley type background?.

Results
XPS
Sample 1 — HOPG

The survey spectrum and core level spectra of C 1s and O 1s are displayed in Figures Sla,
b and c, respectively. For the main component of C 1s peak we used Doniach-Sunjic function in
convolution with Gaussian peak. The asymmetric parameter a in our case equals to 0.052, which
is in agreement with previous studies*”.
The corresponding spectrum shown in Figure S1c reveals a main peak in the O 1s region at 531.9
eV that can be assigned to carbonyl functional group on the graphite surface®. The minor peak at
binding energy of 533.5 could be assigned to ether type groups -C—O—C— on the HOPG surface.
A small contribution can be found in C 1s peak as well. On the survey scan in Figure Sla we can
also see evidence for small (negligible) traces of Si.
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Figure S1 XPS data collected on the surface of HOPG: (a) survey spectrum, (b) C 1s and (¢) O 1s
deconvoluted core level spectra.

Sample 2 — MoS,

The survey spectrum measured on the MoS,; surface is displayed in Figure S2a. According
to the XPS results in Figures S2b and ¢, Mo 3d3/,,, Mo 3ds/, S 2s, S 2p;» and S 2p;,; peaks were
observed at 232.5, 229.3, 226.5, 163.4, and 162.2 eV, respectively. Deconvolution of the Mo 3d
region by peak fitting revealed a Mo 3d doublet at a position indicative of Mo in a 4+ oxidation
state’”. We examined the S 2p region, which was fitted with one distinct doublet. This shows the
hexagonal semiconducting phase in MoS,®. Carbon and oxygen are presented on the surface as a
natural contamination — see Figures S2d and e. In the case of C 1s and O 1s peaks the linear
background subtraction was necessary to use prior fitting the peaks.
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Figure S2 XPS (a) survey spectrum, (b) Mo 3d, (¢) S 2p, (d) C 1s and (e) O 1s data measured on
surface of MoS, sample.

Sample 3 — Sapphire

Data measured on the Al,0O3 sample can be seen in Figure S3. Survey spectrum is displayed
in Figure 3a. Two peaks were fitted to Al 2p spectra (Figure S3b). The peak on binding energy at
74.2 eV was assigned to Al,05°. Corresponding O 1s peak is detected as main peak at the binding
energy of 531.3 eV as shown in Figure 3c.

The peak on binding energy at 72.3 eV was assigned to zeolite salt Na,Al*Si,0¢*H,0. It
also corresponds to the Na 1s binding energy at 1072.8 eV displayed in Figure 3d.

Small amount of NaC,0y is suspected to exist due to the binding energy of Na 1s at 1070.8 eV and
C ls at 289 eV. Another C 1s peak shown in Figure 3e at binding energy of 287.2 eV is a



contribution from C=0 bond. Trace amount of Si is detected but not further analyzed by XPS.
Suspected SiC (or any other carbide) may exist due to the C 1s peak at 283 eV binding energy.
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Figure S3 XPS (a) survey spectrum, (b) Al 2p, (c) O 1s, (d) Na 1s and (e) C 1s data measured on
surface of Al,O3 sample.

Sample 4 — Si/SiO»/h-BN

The measurement was taken at three different spots on the sample to attain an average over
the heterogeneity of the sample. Figure S4a shows the survey spectrum revealing that nothing
except Si, O, C, N and B exists on the surface of the sample.



The core level spectra of N 1s and B 1s are displayed in Figure S4b and S4c, respectively.
The only peak at B 1s spectrum at binding energy of 190.3 eV can be associated with boron atoms
in B-N bonds. Among the three spots on the measured surface, B 1s and N 1s were only spotted in
one area, indicating a relative low ratio of BN and its heterogeneous occupation over the surface.
The Figure S4d shows Si 2p core level spectrum consisted of one peak at 103.8 eV. This peak is
actually undistinguishable doublet due to spin orbit splitting and corresponds to SiO,'° No peak
is detected attributing to Si in metallic form. The Si 2p signals come from the SiO, layers
embedded with the BN. The Cls core level spectrum shown in Figure S4e reveals one chemical
state, probably originating from adventitious carbon. The O 1s peak displayed in Figure S4f at
binding energy near 533.3 eV can be associated with the oxygen atoms in SiO, bonds.
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Figure S4 XPS data collected on the surface of Si/SiO,/h-BN sample: (a) survey spectrum and core
level spectra of (b) N 1s, (¢) B 1s, (d) Si 2p, (e) C ls and (f) O s after deconvolution process.
Sample 5 O-MCD
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The XPS survey spectrum of O-MCD sample in Figure S5 reveals that the surface of the
film contains only carbon and oxygen. This indicates that the surface of sample was clean from
other contaminations (no N or F was detected). Core level C 1s spectrum is deconvoluted using
two peaks, centered around 284.5 and 287.2 eV, corresponding to C-C bond with sp? hybridization
and carbon-oxygen bonds, respectively. One chemical state in oxygen O 1s core level region with
binding energy of 531.8 eV was observed due to the C-O bond.
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Figure S5 XPS data collected on the surface of O-MCD sample: (a) survey spectrum, (b) C ls
and (c) O 1s deconvoluted core level spectra.

Sample 6 — H-MCD

The XPS survey spectrum measured on the H-MCD sample is shown in Figure S6. Note
that this is the same sample presented above as “O-MCD?”, albeit after hydrogenation. Besides
carbon and oxygen species we found a small amount of Si which is attributed to the high-
temperature hydrogenation process itself (the plasma chamber interior can be observed through
glass window-the Si source). The sample surface was therefore relatively clean from
contaminations. In similarity to O-MCD, the core level C 1s spectrum is deconvoluted using two
peaks, and one chemical state was found for oxygen. Compared to O-MCD, this sample has nearly
half the amount of oxygen on the surface (4.8 % vs 9.0 %).
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Figure S6 XPS data collected on the surface of H-MCD sample: (a) survey spectrum, (b) C Ls,
(c) O 1s and (d) Si 2p deconvoluted core level spectra.

Based on the XPS data, and considering that all our samples were handled in ambient
environment, we can conclude that they are essentially free of contamination.

Current-Voltage characteristics
In order to confirm the result of oxidation and hydrogenation of the MCD we measured I/V

on them. Figure S7 shows the typical result. Note that O-MCD showed no current for up to + 30
V.
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Figure S7 I/V characteristics on H- and O-MCD.



Atomic Force Microscopy

Figure S8a,b shows detailed AFM topography of pristine sapphire before and after
annealing in air at 1500 °C, respectively. The larger terrace in Figure S8b is about 400 nm wide,
which is about 8 times larger compared to the as-received state of the same sample (~50 nm). We
show larger annealed image (1x1 um? vs. 500x500 nm? of as-received) for better illustration of the
variation in annealed terrace sizes.
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Flgure S8 (a, b) AFM topography of pristine sapphire before and after anneahng in air at 1500
°C, respectively.

Figure S9a,b,c shows AFM topography (500x500 nm?) on pristine O-, H-MCD and h-BN
surfaces, respectively. The polishing lines are clearly visible on O-MCD. Subsequent
hydrogenation seems to have somehow affected the local morphology. Nevertheless, there was no
impact in the RMS roughness of the surface which is about 0.05 nm in both cases.
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Flgure S9 (a b c) Detalled AFM topography on O H MCD and h BN respectlvely



Figure S10 shows detailed AFM topography (500x500 nm?) of a diacetylene island on
sapphire. We can identify molecular orientation on the top part of the island.
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Figure S10 Detailed AFM topography of a diacetylene island on sapphire.

Figure S1la,b illustrates AFM topography on sapphire (500x500 nm?) and O-MCD (2x2
um?), respectively, showing inter-aggregate areas after a CM scan in them. The CM scan sizes
were 200x200 nm? on sapphire and 500x500 nm? on diamond. In the case of sapphire we see
contamination particles spread all over the CM scan area. This indicates that there might have been
few molecules assembled there before, which got disrupted by the scan. Solvent residue after
dropcasting and ambient adsorbates are also adding to this effect, which is expected especially for
hydrophilic surfaces treated in ambient conditions.

On O-MCD we see particles accumulated in the CM scan edges, while the area itself is
clean. This shows that all molecules that were adsorbed/assembled in the area can be easily moved

by the AFM tip. The molecules are therefore more weakly bound on the substrate in the case of
O-MCD.
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Figure S11 (a, b) AFM topography on Sapphire and O-MCD, respectively, showing inter-
aggregate areas after a CM scan in them. The arrows indicate the CM scan area.



Figure S12a depicts detailed AFM topography (200x200 nm?) on a diacetylene aggregate
assembled on H-MCD. We can see the layered structure of the aggregate in many places as denoted
by the arrows. The spatial profile in Figure S12b, (measured on the area indicated by the blue line)
shows that the height distance between those two adjacent layers is 0.3 nm. This equals the
thickness of a single flat-lying diacetylene monolayer!!-12
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Figure S12 (a) Detailed AFM topography on a diacetylene aggregate assembled on H-MCD.

Arrows denote visibly multilayered areas (b) Spatial profile measured on the area indicated by
the blue line in (a).

Figure S13a,b,c shows the phase shift images on sapphire, O- and H-MCD, respectively,
after the deposition of diacetylene. In the case of sapphire and oxidized diamond two distinct
adsorption states can be identified which indicate that aggregates and inter-aggregate space are
composed of different materials, the latter being diacetylene-free. The H-MCD case is different,
as the contrast is identical all over the image, suggesting diacetylene presence everywhere. This
corroborates well with the proposed layered structure of the inter-aggregate areas on H-MCD.

Different contrast on aggregate edges in Figure S13c¢ is due to known AFM artifact when scanning
fast over areas with abrupt height changes.

Figure S13 (a, b, ¢) Phase shift images on sapphire, O- and H-MCD, respectively, after the
deposition of diacetylene.
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Figure S14a,b,c depicts optical images during contact angle measurements on sapphire, O-
MCD and H-MCD, respectively. The measurements were performed by depositing a 1 pl
deionized water droplet on the surfaces. The measured angles are 50.8°, 63.5° and 98.2°,
respectively.

Contact angle measurement

a Sapphire

Figure S14 (a, b, ¢) Optical images showing contact angle measurements on sapphire, O-MCD
and H-MCD, respectively.

Discussion

One could critically point out that even though diacetylene assembles in a flat-lying manner
on H-MCD, individual molecular chains are not resolvable in topography or phase shift images
like on HOPG, MoS, and h-BN. The reason for this could be the large number of layers stacked
on one another when forming an aggregate on H-MCD (40 nm of height protrusions correspond
to ~130 layers) and also in the inter-aggregate area (where the layer count is unknown). We expect
that this layering can effectively conceal the fine chain structure of diacetylene (typical
topographical and phase variation within a monolayer are ~0.05 nm and < 1°, respectively) as the
stacking 1s most likely not perfectly aligned. Another factor that can contribute to the lack of
detailed structure is the different lattice structure of MCD (diamond vs. hexagonal on HOPG,
MoS,; and h-BN). It is noteworthy that deposition of diacetylene on H-MCD by a solution diluted
up to 100 times, leads to the same type of high aggregates, albeit in smaller numbers. This means
that the many-layer stacking is energetically favorable, and the reason for its occurrence is not the
abundance of diacetylene molecules in the initial dropcasting solution.

Experimentation with diluted solution (up to 10 times) deposition on sapphire and O-MCD
also showed aggregates similar to what is shown in the manuscript. On the other hand, increasing
the concentration would surely lead to higher order aggregations due to the increased number of
introduced molecules able to form stable, higher order islands. However as the stacking
mechanism on those surfaces is already elucidated and does not result in flat-lying monolayer
assemblies, further experimentation with higher solution concentration is irrelevant. For the same
reason we did not allow the dropcasted droplet to dry on the surfaces but rather dried it shortly
after impact.

Deposition of diacetylene in different temperatures was not performed due to the layer
sensitivity to external excitations. Depositing at higher temperatures can give enough energy to
the molecules to polymerize (Baking samples at 40 °C is enough). Lower temperature deposition
on the other hand could potentially produce varied results but changes in the layer structure due to
inherent changes in molecular mobility when moving samples from a low-T deposition area to
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ambient (higher) temperature environment will also alter the layer. Therefore, characterization in
air of samples prepared in lower-than-ambient temperature would lack consistency.

A 4 ul droplet of our solution contains 8.4x10'* molecules (molecular weight of 10,12-
nonacosadiynoic acid is 430.72). As the unit cell size of a flat lying SAM on HOPG is 7.5 nm X
0.47 nm and it contains 2 molecules'?, the molecular density of a monolayer is 5.7 x 10'!
molecules/mm?. Assuming that the droplet expands over 2 mm?, there are enough molecules to
form about 700 monolayers all over that area. The reason we obtain thin layers on HOPG and
MoS, is because 1) the solution expands over more than few tens mm? due to substrate
hydrophobicity and long-range surface variations which cause the droplet to be quite mobile and
leave the surface a few seconds after impact, and 2) the deposited molecular density is not
homogeneous (i.e. coffee ring effect'*). However, this is not the case in H-, O-MCD and sapphire,
where the droplet stays over a small area, due to the negligible long-range surface variation of
those polished substrates.

Further characterization of the diacetylene layers by spectroscopic and diffraction
techniques is not possible to be realized two reasons: 1) our layers are deposited in air and thus on
surfaces “wet” from ambient water adsorbed on them. Preparing those samples for any UHV-based
measurement instantaneously destroys the molecular layer during the pressure changes. 2)
Providing energy to the system (X-rays, laser beams, energetic electrons etc.) polymerizes the
diacetylene, effectively altering the layer structure making it impossible to get further information
on the structure of the assemblies as shown in the AFM images presented.
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