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S1: Synthesis and characterization of L-BTA molecule

Figure 1: Scheme of solution phase synthesize of BTA.
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Trimesic acid tris L−phenylalanine methyl ester conjugate (1):

Compound 1 (Trimesic acid tris L−phenylalanine methyl ester conjugate) was synthesized

from trimesic acid and L−phenylalanine methyl ester. Trimesic acid (0.50g, 2.37mmol),

and Hydroxybenzotriazole (HOBt) were dissolved in dry N, N Dimethylformamide (DMF)

(15 mL) under nitrogen atmosphere and the reaction mixture was cooled to 0◦C in an ice

bath. A solution of N, N Dicyclohexylcarbodiimide (DCC) in Dichloromethane (DCM)

(1.47g, 7.13mmol) was then added drop-wise to the reaction mixture. The reaction mixture

was stirred at 0◦C for 1 h, after which, L-phenylalanine methyl ester (1.63g, 7.58mmol) was

added to it followed by triethylamine (2.313mL, 16.5mmol). The reaction mixture was mon-

itored and stirred for 24 h at room temperature under nitrogen atmosphere. The reaction

mixture was concentrated in vacuo, redissolved in ethyl acetate and filtered to remove Di-

cyclohexylurea (DCU). The organic layer was then washed with 1N HCl (3·30 mL), 10%

NaHCO3 (3·30 mL) and brine (30 mL). The organic layer was dried over anhydrous sodium

sulfate and concentrated in vacuo. The crude compound was purified by silica gel column

chromatography by using DCM and methanol (98:2) solvent system to isolate pure 1. The
1HNMR and 13CNMR of compound 1 are shown in Figure 2. Other details are provided

below.

Yield: 72%(0.365 g).

Melting point: 199-203◦C

Rf [4% methanol in DCM]: 0.5
1HNMR : (400 MHz, DMSO−d6 ) δ (ppm): 9.11−9.14 (m, 3H), 8.33 (s, 3H), 7.15−7.26

(m, 15H), 4.64−4.69 (m, 3H), 3.61 (s, 9H),3.06−3.16 (m, 6H).
13CNMR: (125 MHz; DMSO−d6 ) δ (ppm): 172.5, 166.1, 134.7, 129.5, 128.8, 127.0, 54.9,

52.5, 37.8.
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L-Benzene-1,3,5-tricarbonyl phenylalanine (L-BTA):

Compound 1 (0.1 g, 0.144 mmol) was dissolved in methanol to form a clear solution. To

this 6N NaOH (0.03 g, 0.865mmol) was added and stirred for 6 h at room temperature.

The solution obtained was passed over activated cation exchange resin. The filtrate was

evaporated under reduced pressure to obtain pure BTA. The 1HNMR and 13CNMR of

BTA are shown in Figure 3. The NMR spectra of L-BTA clearly shows that no diastereomers

are formed and therefore all the three amino acid units in the final molecule should have the

same chirality. Other details are provided below.

Yield: 72.9%(0.07 g).
1HNMR: (400 MHz, DMSO–d6) δ (ppm): 12.82 (br s, 3H), 8.97 (d, J = 8.04 Hz, 3H), 8.31

(s, 3H), 7.30–7.16 (m, 15H), 4.68-4.62 (m, 3H), 3.21–3.04 (m, 6H)
13CNMR: (125 MHz; DMSO–d6) δ (ppm): 173.5, 166.1, 138.6, 134.9, 129.5, 128.8, 126.9,

54.9, 36.8.

HRMS (M+H)+ for C36H34N3O9
+: 652.2290 (calcd.), 652.2296 (Anal.), see Figure 4.
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Figure 2: 1H (a) and 13C (b) NMR spectra of compound 1.
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Figure 3: 1H (a) and 13C (b) NMR spectra of L-BTA.
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Figure 4: Mass spectrum obtained for L-BTA.
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Circular dicroism spectroscopy of L-BTA:

Figure 5: Averaged (3 times) circular dicroism spectrum of L-BTA.

Freshly prepared solution of BTA with a concentration of 5 × 10−3 M was prepared in

HPLC grade methanol. CD spectrum (Figure 5) was recorded at room temperature using

JASCO J-815 CD spectrometer and a quartz glass of 1 mm path length. To avoid any

instrumental baseline drift contributed by the working solution, the background values were

subtracted from each individual sample measurement. The spectrum obtained for L-BTA

is in good agreement for the CD spectrum reported for the same compound (H3L).1 The

agreement of λ minimum value (260 nm) is matching well with the report1 suggesting the

formation of L-enantiomer and thus low racemization. The specific rotation of L-BTA is

–60◦ as characterized by polarimetry.
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S2: Optimized geometry of SF structure of L-BTA

Figure 6: Force-field optimized geometry of possible SF structures of L-BTA on bilayer
graphite. Black arrows indicate the high symmetry directions of graphite and magenta
oblique shows the unit cell of SF pattern.The orientation of the molecular lattice with respect
to graphite lattice direction (indicated as α) is different in different models; 30◦ (SF30, a),
27.50◦ (SF28, b) and 17.40◦ (SF17, c). A and B are the molecular unit lattice vectors and
γ is the angle between them. For SF28 the unit cell for the simulation is 2 × 2 (marked by
black dashed oblique) and for all others the cell is 1 × 1 (marked by magenta oblique).
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To understand the relative binding energy of SF and CW structure, force-field calcula-

tion2 has been carried out. Several possible input geometries (unit cell/commensurate cell)

of SF and CW structures are considered near to the experimental lattice parameters. The

optimized SF/CW geometries that are comparable to the experiments are listed in Tables

1 and 2. A and B are the unit lattice vectors of SF structure and γ is the angle between

them. α is the angle between the graphite lattice direction and the molecular compact lat-

tice direction. The average H-bond distance in 3-fold (SF) and 2-fold (CW) cyclic hydrogen

bonding (–O–H......O–) and the average H-bond distance between carbonyl group and aro-

matic hydrogen (–C=O......H–C–) in SF are included in table. The optimized geometries of

SF and CW are shown in Figures 6 and 7, respectively. The orientation of the molecular

lattice with respect to graphite lattice direction (defined as α) is different in different models;

17.40◦ (SF17, Figure 6a), 27.50◦ (SF28, Figure 6b), 30◦ (SF30, Figure 6c), 9.9◦ (CW10, Figure

7a) and 0◦ (CW0, Figure 7b). The binding energy (∆Ebind) and adsorption energy (Eads) of

optimized models are also included in the table. ∆Ebind and Eads are defined as follows,

∆Ebind = EBT A−SF/CW − n× EBT A−gas (1)

where, EBT A−SF/CW is the total energy of the molecule in the optimized SF or CW structure

and EBT A−gas is the total energy of fully optimized molecule in gas phase. The gas phase

geometry of BTA used for the calculation is similar to the geometry in both SF and CW.

Eads = (Etotal − Egraphite)− n× EBT A−gas (2)

where, Etotal is the total energy of BTA in optimized SF or CW structure on bilayer graphite,

Egraphite is the total energy of graphite in the cell. n is the number of molecules within the

cell. ∆Ebind accounts for the molecule-molecule interaction and Eads accounts the overall

stability of the structure on surface. Larger magnitude of ∆Ebind and Eads corresponds to

energetically more favorable case. The ∆Ebind and Eads values shown in Tables 1 and 2
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correspond to energy per L-BTA molecule.

Table 1: Geometrical parameters of optimized SF structures on bilayer graphite.

SF A, B, γ α Eads ∆Ebind –O–H......O– –C=O......H–C–
(eV) (eV) (Å) (Å)

SF30 17.10, 17.10, 60.0◦ 30.0◦ –3.42018 -0.09871 3.57 4.07
SF28 15.99, 15.99, 60.0◦ 27.5◦ -4.1076 -0.77035 2.54 2.36
SF17 15.38, 15.38, 60◦ 17.4◦ -3.3207 -0.7774 2.09 2.11
Expt. 15.7, 15.7, 60◦ ≈ 30◦

SF28 is the energetically most favorable case and resemblance closest to the experimen-

tal lattice parameters (A, B, γ and α). Though the experimental lattice parameters are

matching for SF17, α is not in agreement with the experiments. Even though, the average

hydrogen bond distances in SF17 are lower compared to SF28, the Ebind in comparable to

SF28. We presume that the slight close-packing in SF17 compared to SF28 is possibly causing

large steric repulsion within the pattern. Similarly, Eads is lower for this case suggesting a

non favorable adsorption with graphite. The lattice parameters in SF30 is much larger than

the experimental observation, though α is in agreement with experiment. Similarly, ∆Ebind

and Eads are lower for SF30 compared to that of SF28 and SF17. Thus, we conclude that the

adsorption geometry of L-BTA on graphite resembles the most to SF28. In all the cases we

have considered commensurate 1 × 1 or 2 × 2 cell for the calculation. Other super-cells may

be considered to reproduce the experimental geometrical parameters.

Parameter set used for the calculation is as follows, Method: ReaxFF-CHO-2008; Force

tolerence: 0.001 eV/Å; F stress tolerence: 0.001 eV/Å; Max step size: 0.01 Å; Optimizer

method: LBFGS (Limited memory BFGS (L-BFGS), which is an optimization algorithm

in the family of quasi-Newton that approximates the Broyden-Fletcher-Goldfrab-Shanno

(BFGS) algorithm using a limited amount of computer memory. A pre-optimized bilayer

layer graphite was used from the library data as provided in the Quantumwise DFT package

and was frozen during the optimization. The lattice parameter for the graphite are: −→a =

2.4612 Å, −→b = 2.4612 Å, −→c = 6.709 Å, and γ = 60o.
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S3: Optimized geometry of CW structure of L-BTA

Figure 7: Force-field optimized geometry of CW structure of L-BTA on bilayer graphite.
The orientation of the molecular lattice with respect to graphite lattice direction (indicated
as α) is different in different models; 0◦ (CW0, a) and 9.9◦ (CW10, b). A and B are the
molecular lattice vectors and γ is the angle between them. Black arrows indicate the high
symmetry directions of graphite and α is the angle between graphite and molecular compact
lattice directions. Both CW0 and CW10, the unit cell for the simulation is 1 × 1 (marked
by green oblique).

Force-field optimized geometric parameters, average H-bond distance, ∆Ebind and Eads

of CW0 and CW10 are listed in Table 2. Though the lattice parameters of both CW0 and

CW10 are comparable to the experiments, α is matching only for CW0. For both cases

∆Ebind and Eads are comparable and thus we finalize CW0 as the final geometry for the

observed CW structure. The comparison between SF and CW structure shows that binding

energy per molecule of SF is higher than CW (12.5 kJ/mol). It is reported for unsubstituted

trimesic acid derivatives that the binding energy per H-bond of 2-fold cyclic H-bonds is larger

than that in 3-fold cyclic H-bonds (≈ 3.7 kJ/mol).3 The phenylalanine substituent of BTA

gives not only rise to additional van-der-Waals interactions, but also facilitate additional

intermolecular H-bonds (highlighted in Figure 1d) that are not feasible in the self-assembly

of unsubstituted trimesic acid. The stronger binding energy per molecule in SF of L-BTA
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translates into an even larger enthalpy per unit area (∆h = ∆H / unit area) due to the

higher packing density of SF as compared to CW. As the total entropy cost per molecule

for adsorption from solution in the monolayer scales with the molecular packing density, SF

structure has the highest entropy cost. That is, even when the binding energy is relatively

high for SF structure, due to large entropy cost the overall formation free energy of SF

pattern may be lower than CW pattern. Though the SF structure is spontaneously formed,

it is dynamically converted to CW in heptanoic acid suggesting that the CW pattern is

energetically more favorable.

Table 2: Geometrical parameters of optimized CW structures on bilayer
graphite.

CW A, B, γ α Eads ∆Ebind –O–H......O–
(eV) (eV) (Å)

CW10 25.02, 25.02, 60.0◦ 9.9◦ -4.1047 -0.6685 2.28
CW0 24.59, 24.59, 60.0◦ 0.0◦ -4.0317 -0.6408 1.74
Expt. 25.0, 25.0, 60◦ ≈ 0◦
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S4: Time dependent STM topographs of L-BTA mono-

layer at HOPG-heptanoic acid interface.

Figure 8: Time dependent STM topographs (0.5 V and 40 pA) of L-BTA monolayer at
HOPG-heptanoic acid interface. The time interval between the images is indicated in the
corresponding image. Green dashed line indicates the domain of CW pattern, which is
growing as time progress. The remaining region in the frames is SF structure. Three-
fold magenta and green arrows indicate the lattice orientation of SF and CW structures,
respectively.
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S5: Geometry of L-BTA in SF and CW structures.

Figure 9: Optimized geometry (top and side view) of L-BTA in SF (yellow) and CW (blue)
structures overlaid. The conformation of L-BTA within SF and CW structures are geomet-
rically comparable with minor changes in the relative orientation of the groups.
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S6: STM topograph of SF structure observed at HOPG-

nonanoic acid interface.

Figure 10: STM topographs (0.5 V and 40 pA) of SF structure observed at HOPG-nonanoic
acid interface. Nearly saturated solution of L-BTA in nonanoic acid is used. The time
interval between the images is indicated in the corresponding image. Three-fold magenta
arrows indicate the lattice orientation of SF pattern.
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S7: Time dependent STM topograph of L-BTA mono-

layer at HOPG-nonanoic acid interface.

Figure 11: Time dependent STM topographs (0.5 V and 40 pA) of SF structure observed
at HOPG-nonanoic acid interface. The time interval between the images is indicated in
the corresponding image. Three-fold magenta arrows indicate the lattice orientation of SF
pattern. During the scanning, independent of the concentration used, we observed domains
of SF structure are rearranging, vanishing and reappearing.
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S8: Van‘t Hoff plots of the solubility of L-BTA as a

function of temperature

Figure 12: UV-Vis spectra of L–BTA in heptanoic acid (HA) (a) and nonanoic acid (NA)(b)
as a function of temperature. A saturated solution with small amount of sediments are used
for the experiment. The concentration corresponding to each temperature is measured by
integrating the absorbance within the indicated range (dashed vertical lines) of wavelengths
and comparison with pre-calibrated standard concentrations. (c) Van ‘t Hoff plots for the
solubility of BTA as a function of temperature in HA and NA. The slope of the plot corre-
sponds to the dissolution enthalpy (∆H) of BTA in the respective solvent and the intercept
corresponds to the standard dissolution entropy (∆S◦). ∆HHA = 1.55 kJ/mol; ∆HNA =
4.83 kJ/mol; ∆S◦

HA = 20.30 J/mol/K and ∆S◦
NA = 31.93 J/mol/K.
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S9: Concentration dependent UV-vis spectra of L-BTA

in different solvents.

Figure 13: UV-Vis spectra as a function of concentration for L–BTA in HA (a) and NA (b).
If L-BTA forms aggregates (helical aggregates) within the solvents, an overall blue shift or
broadening with emergence of new bands is expected in the UV-vis spectra.4,5 The UV-vis
spectra recorded at 5 and 8 mM show substantial broadening with emergence of a new band.
These concentrations correspond to the limiting solubility. We attribute the effect at higher
concentration is due to the formation of aggregates in the solution. For lower concentrations
no such effect is observed. To further confirm the formation of aggregates in the solution, we
have performed dynamic light scattering (DLS) experiment of L-BTA dissolved in HA and
NA at different concentrations (0.5 mM and 6 mM). No aggerates/particles are observed at
lower concentration (0.5 mM) for L-BTA in both solvents. However, for higher concentration
(6 mM), particles with effective diameter ranging from 25-48 µm and 3-122 µm are observed
for heptanoic acid and nonanoic acid, respectively. We presume that these are aggregates of
L-BTA as reported earlier. That is, the concentration at which we perform the experiments
at solid-liquid interface (∼10−4 to 10−3 M), the possibility of aggregation of L-BTA within
the solution is minimal. Thus, we conclude that L-BTA molecules are molecularly dissolved
in the solvents during the solid-liquid interface experiments.
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