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ABSTRACT: Physisorbed self-assembled monolayers (SAMs) have been suggested as potential models for 3D crystallization.
This work studies the effect of altering the chain length of 5-alkoxyisophthalic acid (C,ISA) on self-assembled morphology in both
2D and 3D in order to explore the extent comparisons can be drawn between dimensions. Previous studies of 5-alkoxyisophthalic
acid at solid-liquid interfaces (2D) reported different morphologies for CsISA and C4ISA-alkoxy chains on the one hand and
CyoISA and C5ISA on the other. Independently, also in 3D a dependence of morphology on chain length has been reported, includ-
ing an unexpected inclusion of solvent in the 3D morphology of C¢ISA, while the previous reports of 2D self-assembly were driven
only by molecule-molecule and molecule-substrate interactions. However, a complete set of data for comparison has been missing.
Here we report scanning tunneling microscopy (STM) and molecular dynamics (MD) simulations performed for C,ISA self-
assembled monolayers (SAMs) and STM imaging of C(ISA—CoISA SAMs, to further examine self-assembly behavior in 2D. In
3D, XRD analysis of C,ISA single crystals was carried out to complete the data set. With a complete set of data, it was observed
that regardless of dimension, short chain length C,ISAs formed H-bonding dominated structures, mid-chain length C,ISAs exhibit-
ed solvent dependent morphologies, and long chain length CnISAs displayed vdW dominated solvent-independent structures. How-
ever, the transition point between morphologies occurred at different chain lengths in 2D and 3D regardless of the dominant inter-
action. The results of this study inform the design of 2D films and guide the application of knowledge from physisorbed SAMs to

3D systems, including mixed-dimensional (2D/3D) van der Waals heterostructures.

Self-assembly is a process by which unorganized molecules
spontaneously organize into self-determined arrangements. In
nature, self-assembly plays a key role in the formation of
proteins, cells and advanced biological structures. At the na-
noscale, self-assembly allows molecules that lack coherence in
solution to gain the stability and uniformity needed to operate
as functional nanomaterials when adsorbed on a surface.' As
the lower size limits of top-down architectures of nano-
structures are approached, a deeper understanding of how
molecules can be programmed to self-assemble into desired
architectures becomes increasingly important to the future of
nanotechnology.

Surface modification using self-assembled monolayers
(SAMs), i.e. well organized single molecule thick layers that
spontaneously form at a solid-liquid interface under the appro-
priate conditions, is a broad and active field of research. High-
ly complex structures can be designed by careful molecule
design.”® In this study, physisorbed SAMs of a series of 5-
alkoxyisophthalic acids (C,ISAs) were used to probe the rela-
tionship of varying hydrogen bonding (H-bonding) versus van
der Waals (vdW) interactions in 2D and 3D self-assembly.

The invention of scanning tunneling microscopy (STM) by
Binnig and Rohrer in 1982, enabled an unprecedented level of
microscopic imaging at the nanoscale, making it possible to
visualize self-assembled structures at solid-liquid interfaces.’

STM is based on the principle of quantum tunneling, where a
tip brought within tunneling distance of the sample is scanned
across the surface to provide an electron density map that can
be carefully interpreted as surface morphology. The non-
destructive nature of STM, makes it the best technique to
investigate the morphologies of physisorbed SAM:s.

2D self-organized systems have been assumed to be good
models for 3D crystallization as the confinement of molecules
close to interfaces allows for experimental study of intermo-
lecular forces.’ Extensive reviews on 2D self-assembly are
available covering a range of topics including solvent effects,’
electronic properties,® chirality/odd-even effects,” surface-
confined supramolecular coordination chemistry,' substrate
effects,'’ molecular templating,' and control of structure.'” In
an attempt to gain better insight into principles guiding for-
mation of physisorbed SAMs, Plass, Grzesiak and Matzger
attempted to compile a comprehensive database of all struc-
tures as determined by STM studies.”” The present study ex-
plores the validity of the assumed connection between 2D
SAM structures and 3D crystals by directly comparing the
self-assembly of a series of 5-alkoxyisophthalic acids at the
solid-liquid interface with crystallization from solvent in 3D.

Prior investigations of C,ISA crystallization in both 2 and 3
dimensions provided a preliminary, but incomplete set of data
for comparison of 2D to 3D morphologies. XRD studies by
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Enkelmann, Valiyaveettil, Moessner and Miillen of C,ISA
crystal lattices'* showed that 3D structure is strongly impacted
by chain length and solvent effects. Molecules with chain
lengths between 6 and 10 carbons formed solvent dependent
crystal structures while those with longer chain length incor-
porate van der Waals interaction to adopt a lamellar architec-
ture. In THF (tetrahydrofuran), a non-hydrogen bonding sol-
vent, molecules with chain lengths between 6 and 10 assem-
bled into H-bonded hexamer channels with alkyl chain walls.
However, when methanol (MeOH) was used as a solvent, the
MeOH co-adsorbed with the C,ISA head groups to form VdW
ribbons with ordered alkyl chains. Longer C,ISAs assembled
into ribbons via C ISA chain-chain interactions and did not co-
adsorb with either solvent. Solvent and chain length effects
were also observed for the self-assembled 3D structures of 5-
alkoxyisophthalic acids with first row transitions metals."’

Studies by Dickerson et al. of C,ISA SAMs'® demonstrated
a similar phenomenon at the solid-liquid interface, where
shorter chain length SAMs formed a solely hydrogen bonded
network morphology (C¢ and below) while longer chain length
SAMs (Cyy and up) formed a lamellar structure with hydrogen
bonding between head groups and VAW interaction between
chains. This prior study did not experimentally explore the
morphology of SAMs with chain lengths 6—10 to determine
the chain length of the transition point. Studying the transition
between SAM morphologies is a critical component for under-
standing the thermodynamics of self-assembly.'” The current
study determined the exact chain length of the transition point
from hexagonal to lamellar morphology to help determine how
molecular interactions affect the architecture, as well as obtain
a more complete picture of the relationship between the 2D
and 3D self-assembly.

The comparison of self-assembly in multiple phases has lit-
erary precedence. A study of CicISA compared the self-
assembly of C,ISA both in the crystal lattice and at a highly
oriented pyrolytic graphite (HOPG) interface.” In both the 2D
and the 3D structures, the pure C(ISA formed lamellar struc-
tures of packed interdigitating acids. The H-Bonding struc-
tures differed due to larger degrees of freedom in 3D, which
allowed the H-bonding heads and alkyl chains to pack in sepa-
rate planes. In 2D, by contrast, the two are confined to the
same plane. C4ISA and C,ISA were further explored in both
dimensions  co-adsorbed  with  pyrazine and 2.5-
dimethylpyrazine."” Additionally, when developing the Two-
Dimensional Structural Database (2DSD), which compiles
physisorbed SAM structures characterized using STM, Plass
et. al.” noted similarities between the factors governing 2D
and bulk structures though the actual packing differed. Other
studies have focused on molecules such as polymers,” organ-
ometallic complexes®', discotic liquid crystals® and biological
materials, such as guanosine,” to compare the structures in 2D
and 3D, however to the best of our knowledge systematic
studies, comparing the effects of varying the chain length of a
substituent on morphology in 2D versus 3D have not been
done. Continued contributions to the 2DSD with systematic
experimental and theoretical studies are essential for the de-
velopment of predictive models for 2D self-assembly.l}’24

This work presents a systematic study comparing multi-

phase assembly of C,ISA with a series of alkoxy chain lengths
to analyze the extent 2D SAMs can act as models for 3D sys-

tems, specifically testing for similarity in morphology and
whether the chain length of the transition point remains the
same in 2D as in 3D. While some of the data is present in the
literature, further experiments were needed to complete the
data set required to examine the effect of dimension on self-
assembly. The available literature data and experimental list
for this study are organized in Table 1.

Table 1: Literature data (in black) and experiments unique
to this study (in red) for multi-phase 5-alkoxyisophthalic
acid self-assembly.

C.ISA 2D results 3D results
molecule
Short C,ISA C,ISA
Chain
Mid Chain CsISA, C4ISA: 6 Solvent-dependent

H-bonded network structures:"

CGIISA,GSISA, H-bonded network
GoISA in THF,
H-bond guided
lamellar in MeOH
Long C)ISA, C5ISA:"® Clriongerl SA:™
Chain vdW  dominated VAW dominated
Lengths lamella lamella

In the present study, the crystal structure of C,ISA has been
obtained and the morphology of a series of C,ISA,
C4ISA—CoISA SAMs has been determined to supplement
literature results from XRD studies of 5-alkoxyisophthalic
acid crystals'* and STM studies of C,ISA SAMs.'® A complete
comparison of short chain length (C,ISA), mid chain length
(C4ISA—C(ISA), and long chain length (C3sISA) ISAs is
provided.

EXPERIMENTAL

Synthesis: C,ISAs were synthesized according to the sche-
matic below (Figure 1). Sn2 substitution with the appropriate
iodoalkane ~ was used to convert dimethyl 5-
hydroxyisophthalate to dimethyl 5-alkoxyisophthalate. 6 mmol
of the respective alkyl iodide (ThermoFisher Scientific, 98%)
and 6 mmol of K,CO; dissolved in 7.5 mL acetone were
placed in a three neck round bottom flask under an argon
environment. 1.05 g of dimethyl 5-hydroxyisophthalate (Sig-
ma-Aldrich, Germany, 98%) was dissolved in 7.5 mL acetone
and added via syringe to the flask. Reactants were refluxed at
75° for 24—48 hours. To monitor the reaction progress, ali-
quots were removed, rotovapped and analyzed with mass
spectroscopy. When the reaction was complete, the product
was rotovapped and purified by silica flash column chroma-
tography using a 10:90—20:80 acetone/hexanes eluent. To
form C,ISA, the product was further reacted with KOH. The
reaction was monitored as previously with mass spectroscopy.
The resulting C,ISA was purified by separatory funnel extrac-
tion. The C,ISA was dissolved in 10 mL water, acidified using
1 M HCI and then extracted into diethyl ether. The product
was dried using Na,SO, for 2 hours, then rotovapped to re-
move remaining solvent and placed on high vacuum over-
night. Resulting fine white powder was analyzed with 'H
NMR and “C NMR (Bruker 500 AVANCE spectrometer) as
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presented in the supplemental information (See SI 1). Recrys-
tallization of C,ISA for XRD studies was done according to
literature procedures using THF."

MeO,C CO,Me MeO,C CO,Me HO,C CO,H
a b
OH OR OR

Reagents and conditions: (a) alkyl halide, K;COj3, acetone, 50 °C; (b) KOH,q), reflux.

Figure 1: Synthetic scheme for 5-alkoxyisophthalic acid.

STM Imaging: Obtaining an ordered structure at the solid-
liquid interface can be a difficult endeavor requiring skill and
experience. Ordered monolayers formed from molecules with
a strong preference for ordering such as the CoJISA were more
easily obtainable relative to others, such as the C,ISA, which
required many attempts. In brief, several ~1 mM solutions of
the desired C,ISA in phenyloctane (Aldrich, 98%) were pre-
pared using sequential dilutions sonicated at 60°C for 1 hour.
Monolayer formation was attempted for each slightly varying
concentration by placing a few drops of the respective solution
onto freshly cleaved HOPG (NanoScience Instruments, Re-
search Grade). Samples were placed in the freezer for 1 hour
to allow for monolayer formation. Freezing was not necessary
for monolayer formation, but produced clearer images than
assemblies formed at room-temperature. After removing from
the freezer, samples sat at room temperature for at least one
hour to equilibrate to ambient conditions before imaging.
Images were obtained with freshly cut Pt/Ir tips (NanoScience
Instruments, 80/20,0.25mm diameter). Reproducible images
from several different samples were obtained for each C,ISA.

For all except C,ISA, images were obtained using an ambi-
ent Nanosurf AG EasyScan STM system (NanoScience In-
struments, Liestal, Switzerland) in constant current mode with
various tunneling conditions (V, = 0.4-0.8 V, I, = 0.7-0.9
nA). As this instrument places bias on the tip rather than the
sample, a positive bias was used so electrons tunneled from
the sample to the tip. In the case of C,ISA, a home-built ambi-
ent STM with an Omicron controller was used to obtain imag-
es, with a negative bias voltage placed on the sample (Vy) to
ensure electrons tunneled from sample to tip. Height and cur-
rent measurements were collected for all scans. Post imaging
analyses were done using SPIP (Image Metrology A/S). Fou-
rier Transform (FT) analyses of the current scan were used to
calibrate images with underlying HOPG. FT analyses of the
corrected height image were used to determine SAM unit cell
parameters. Long range scans and CgISA images were not
calibrated as the underlying HOPG was not well-enough re-
solved in these images to provide a meaningful calibration.
Proposed structures were modeled with Avogadro.”>** Mono-
layer formation was confirmed by measuring line profiles over
the edge of the ordered domain onto the bare HOPG surface.

XRD: Crystals were formed by placing saturated THF solu-
tions of the desired C,ISA in the freezer for several weeks.
Structures were obtained using Bruker D8 Venture and ana-
lyzed using the SQUEEZE method in the program PLATON
which compensated”’ for the scattering from the disordered
solvent. Images of the structures were created using Vesta.”®

MD: Molecular dynamics simulations were performed us-
ing NAMD* (2.10 build for Linux) with CHARMM general
force field (CGenff).® A Langevin thermostat with a 1 ps’
damping coefficient and a 2 fs time step was used in all simu-
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lations. A distance cutoff of the size of the periodic box was
used to compute non-bonded interactions. Electrostatic inter-
actions were calculated using the Particle mesh Ewald (PME)
method with a space grid of 0.5 A. As in previous work, a
graphene slab was constructed as a substrate to simulate mo-
lecular adsorption on HOPG.» In all simulations, the substrate
was fixed and its atoms were assigned atom type CG2R61
with no partial charge. Parameters for the C2ISA molecule
were assigned by CGenff analogy. 20 ns MD simulations were
performed for different combinations of molecules per cluster,
including both C,ISA and 1-phenyloctane. A snapshot of the
simulation was taken every 20 ps and rendered according to
the contribution of each atom to the tunneling current.”> STM
simulated MD trajectory images were calculated by averaging
a minimum of 1000 frames.

RESULTS

STM Results: C,ISA: C,ISA formed SAMs with bright ar-
eas arranged in a highly hexagonal pattern (Figure 2) with
long range order (Figure SI 2.1). The average unit cell, incor-
porating both dark and bright areas (as depicted in Figure 2a),
was measured as ¢=2.22 £ 0.17 nm, b=2.14 £ 0.24 nm, £,;, =
61 + 3°. The bright spots, corresponding to regions of higher
electron density due to adsorbed molecules, did not reveal
highly resolved molecules. Computational methods (described
in SI 2 and SI 3) were undertaken to gain insight into the unit
cells. A statistical particle analysis (Figure SI 2.2) measured
an average size of 1.5+ 0.1 nm for the regions of higher elec-
tron density, which is 50% more than the maximum length of
C,ISA (~1 nm). Due to this, each bright spot was assumed to
be a cluster of several molecules, either C,ISA or a co-
adsorption of C,ISA with 1-phenyloctane.

Trimer-solvent clusters were identified as the best candi-
dates for initial MD simulations (Figure 2b). DFT calculations
at the B3LYP/6-31g(d,p) level showed trimer formation lead
to a gain of 105 kJ/mol, which equals 35 kJ/mol per molecule.
This result is in good agreement with the published value of
60—66 kJ/mol, obtained by measuring the enthalpy of hydro-
gen bonding in carboxylic acid dimers.*® Structures formed by
less than three molecules were not large enough to fit the
measured STM data. Clusters of four molecules were energet-
ically less favorable (~25 kcal/mol per unit cell from MD
simulation analysis) than three molecule clusters. Preliminary
models for clusters of five and six molecules displayed close-
packing which constrained the molecules to the initial confor-
mation, and therefore were not further considered.

phenyloctane assembled on HOPG. White arrows show the orien-
tation of the graphite underneath (Vg =-0.30 V, I, = 0.40 nA). (b)
C,ISA can arrange in 4 different in-plane trimers. The orange
circle represents the average size of the bright spots
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A tunneling current simulation method, previously shown to
accurately reproduce STM images of soft supramolecular
networks,”> was used to account for transitory non-trimer
intermediate structures formed during the simulation. For the
starting configuration, four trimers and eight solvent mole-
cules (filling the gaps in between trimers) were placed in a
hexagonal box with periodic boundary conditions to reproduce
an infinite system. The hexagonal box was developed using
the unit cell parameters of Figure 2a, leading to a periodic box
of four unit cells as displayed in Figure 3b. The xyz positions
of all components were recorded every 20 ps in snapshot files,
with every simulation running for 20 ns. The MD tunneling
current simulation (Figure 3b) was then produced by averag-
ing the 1000 snapshot files collected throughout the simula-
tion. Eight different 20 ns MD simulations were performed to
take into account all possible chirality combinations four
C,ISAs can form when adsorbed parallel to the substrate (Fig-
ure 2b). The resulting images were then averaged to produce a
MD simulation (Figure 3a) representative of all possible trimer
chirality combinations. The average of these MD simulations
was the closest fit to experimental STM image, with a simu-
lated unit cell of a=2.21 + 0.10nm, »=2.21 £+ 0.10 nm,
Z,, =159 £ 1°. This result suggests that the hexagonal experi-
mental pattern is due to conformational freedom in the ar-
rangement of energetically favorable and hydrogen-bond
driven trimers. See SI 3 for a more detailed breakdown of the

MD simulations.

Figure 3: (a) 20 x 20 nm 51mulated STM measurement calculated
by averaging the MD trajectories of the 8 potential trimer combi-
nations. (b) Render of the tunneling current for a 5x5 periodic
simulation box (10 x 10 unit cells) after 20 ns of MD simulation
at 300K. One periodic box (2 x 2 unit cells) is greyed with the
molecular structure imposed. The hydrogen bonds in the models
go beyond the periodic box.

CiISA — CoISA: Long range ordered lamellar SAMs were
observed for C;JISA—CoISA SAMs (Figure 4 and Figure 5b).

Figure 4: ~60 x 60 nm STM height images of (a) C;ISA (V}, =
0.48V, I, = 1.0 nA) and ( b) GISA (V, = 0.70V, I, = 0.77 nA)
displayed long range ordered SAMs, further demonstrated in the
inset FFT.

CoISA images had the best resolution and will be used to
describe the SAM formation results at these chain lengths.
CoISA formed highly ordered SAMs with lamellar patterns of
alternating dark and light stripes. As mentioned in the experi-
mental section, light stripes were attributed to regions of
greater electron density, and as such represent the aromatic
head groups which have greater electron density as compared
to alkyl chains, while dark stripes were attributed to the alkyl
chains. After calibration to HOPG, the FFT of the height im-
age displayed two sets of bright spots which shared one com-
mon spot (red) representing two related parallelogram cell
structures (see Figure 5). In both unit cells; a = the shorter side
running along the bright stripe, b = the side spanning the dis-
tance between the bright lines and £, , = the angle between the
two sides. The cyan-red set corresponded to the larger unit
cell spanning the distance between stripes, with unit cell val-
ues of a= 0.6 £ 0.3 nm, b= 3.3 + 0.3 nm, £,;, = 83 + 4°. The
green-red set corresponded to the unit cell spanning halfway
between with a change to the b parameter only, with b = 1.3 +
0.3 nm. The large error in the a parameter value demonstrates
that the spacing along the bright stripes cannot be confidently
assigned. The resolution of the images only allows for estab-
lishing the b parameter value.

Figure 5: CoISA unit cell and FFT. (a) 15x 15 nm CglsA height
image after calibration to HOPG with inset FFT. The FFT dis-
played two sets of bright spots, which shared one common spot
(red) (¥, =0.76 V, I, = 0.77 nA). The white arrows indicate sym-
metry directions of the underlying HOPG. (b) ~60 x 60 nm STM
height image of CoISA. The 2D hexagonal network displayed
long range order, further demonstrated in the inset FFT (7, = 0.66
V, 1,=0.80 nA).

The first suggested structure involved interdigitated adja-
cent CoISA molecules with an H-bonded backbone as in pre-
vious work. This model yielded lamellae of 2.1 nm, which was
1.3 nm too small to fit the measurements. The proposed model
that best fit this data consisted of a unit cell containing two
CoISA groups laid tail to tail without alkyl chain interdigita-
tion and H-bonding between adjacent head groups (see Figure
6). As this model was energetically unfavorable, incorpora-
tion of phenyloctane solvent molecules was proposed as a
stabilizing factor. The exact orientation of the molecules could
not be determined. As the head groups were typically not
visible, it is most likely that the alkyl chains are lying flat on
the substrate with the head groups tilted upward from the
surface. Moreover, one of the symmetry axes of the underly-
ing HOPG is oriented about 5° with respect to the vector b.
This suggests that the alkyl chains lie along this symmetry
axis, which would also maximize the vdW interactions be-
tween the alkyl chains and the substrate. The smaller structure
could then be explained as the repeating unit of a single phe-
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nyloctane and CoISA molecule. The larger structure, contain-
ing two CoISA molecules, was taken as the unit cell as its
replication produced a schematic that lined up well with ex-
perimental measurements.

Figure 6: 15 x 15 nm CoISA STM image with (a) overlaid pro-
posed structural model and (b) structural model (V, =0.76 V, [, =
0.76 nA). The arrows on the model correspond to the circled spots
in the FFT in Figure 5. The underlying HOPG lattice is indicated
in Figure 5a.

C;ISA and C4xISA also displayed lamellar SAMs. The dis-
tance between the bright lines in the C;ISA was measured as
3.0 £ 0.6 nm (Figure 7). These values were too large to fit the
intermolecular alkyl chain interdigitation model of 1.7 nm.
Also of note, in the C;ISA, several bright spots appeared half-
way between the lamellae (see Figure 7 and SI 4). These spots
could potentially be attributed to disorder of the incorporated
solvent molecules leading to random head groups serendipi-
tously oriented in a manner that could be imaged. CgISA im-
ages were not of high enough resolution to confidently cali-
brate to the underlying HOPG. Both the uncalibrated image
and attempted calibrations led to b-values of 3.1 + 0.9 nm. The
lower end of the error 2.2 nm value is still higher than the
expected 1.9 nm. As the CgISA falls between two solvent
incorporated lamellae, it is most likely that the CgISA SAM
also involves phenyloctane incorporation.

Langmuir

Figure 7: 10 nm x 10-nm C;ISA height image with unit cell (V}, =
0.72 V, I, = 0.70 nA). The white arrows indicate the orientation of
the underlying HOPG.

CoISA: Due to the surprising solvent incorporation in
CsISA—CoISA SAMs, CiISA images from previously pub-
lished work were re-examined. A re-analysis demonstrated b-
values of 2.6 = 0.3 nm nm which matches the alkoxy-alkoxy
CioISA chain interdigitation model proposed previously by
Dickerson et al.'® Therefore, the transition point between
solvent dependent and solvent-independent morphologies was
found to be C;(ISA.

The hypothesis that a transition point would be found was
substantiated. However, the transition point was significantly
more complex than what might be expected based on intermo-
lecular C,ISA interactions and substrate-molecule interactions
alone. The unexpected incorporation of solvent at the transi-
tion point leads to a whole new set of questions to be explored
in future work. What is the dependence of this transition point
on the solvent? Can the transition point be pushed to higher
and lower chain lengths by changing the chain length of the
solvent? While solvent dependence on physisorbed SAM
morphology has been previously explored,”**™ the ability to
achieve solvent-independent SAM morphologies by altering
the chain-length of a moiety on an integral SAM component is
an interesting discovery.

XRD Results: XRD structure determinations showed
C,ISA formed P2, space group crystals with unit cell parame-
tersofa=12.02 Ab=1246 Ac=16.76 A and angles a =y =
90° and B = 107.77° (see SI for CIF file). Crystal structure
views along the a and ¢ axes displayed four sheets of mole-
cules layered one upon another without chemical connection
(Figure 8). The view along the c-axis showed benzene ring
alignment for the middle two molecules, strongly suggesting
the layers were held together by n—= stacking forces. As pre-
viously observed in Enkelmann’s'** work, these structures
were dominated by H-bonding and consisted of stacked layers
of tape-like sheets. The current studies provide unit cell meas-
urements and a detailed analysis not seen in previous work.
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Figure 8: 3D crystal structure of C,ISA viewed along the a axis
(left) and c-axis (right).

The view along the b-axis (Figure 9) showed that each layer
consisted of two molecules per each unit cell. Within the layer,
molecules formed carboxylic acid dimers held together by
hydrogen bonding intermolecular interactions between head
groups. Adjacent dimers were further H-bonded to neighbor-
ing dimers on both sides to form ribbons. The ribbons were
not connected to each other, which agreed with previous re-
sults.

Figure 9: 3D crystal structure of C,ISA viewed along the b-axis.
Top: b-axis view of the full four-layered unit cell with hydrogens
omitted for clarity. Bottom: A single layer.

DISCUSSION

To summarize, while details of the structures were dimen-
sionality dependent, at a given chain length, there was a strong
similarity for the trends in forces that governed self-assembly
of C,ISA regardless of dimension (see Table 2).

At chain lengths below C;ISA in SAMs and below C; ISA
in 3D, assembly was driven by intermolecular H-bonding
interactions without VAW contributions. Published values for
van der Waals chain-chain interactions are 6—7 kJ/mol per
carbon'®*" and enthalpy of hydrogen bonding in carboxylic
dimers determined from dimer dissociation energies are 60—66
kJ/mol.* In SAMs, the observed morphology involved C,ISA
molecules with 60—66 kJ/mol H-bonding intermolecular inter-
actions plus unquantified substrate, solvent and entropy values

and no involvement of chain-chain vdW interactions, which
would contribute 36—42 kJ/mol.

At mid-chain lengths between C;ISA—CyISA in SAMs and
CsISA—C,ISA in 3D, solvent dependent morphologies were
observed. The surprising inclusion of solvent in SAMs of
C,—CoISA indicates the formation of mid-chain length SAMs
is more complex than had been expected based on previous
C.ISA SAM work.'® The observation can be explained by the
following: SAM formation occurs when the gain in enthalpy
due to intermolecular and surface-molecule interactions over-
comes the otherwise unfavorable ordering. There are similar
enthalpy gains for a neat or mixed C,ISA/phenyloctane SAMs
for C/ISA—C,ISA with a maximum difference of one vdW
interaction per molecule. The decrease in entropy that must be
overcome for SAM formation is less for a mixed monolayer
SAM which incorporates multiple species and therefore has
more variety than a neat SAM. It is also important to note that
mixed SAMs formed at chain lengths (n = 7-9) that matched
closely to the solvent chain length of 8 carbons. Therefore, the
mixed monolayer formation for C;ISA and CyISA is attributed
to the lower entropic cost of formation combined with similar
enthalpy gains and optimal packing as in the neat SAMs. As
no neat SAMs were observed, it is likely that the enthalpy
gains are not high enough to overcome the entropic cost of
forming a neat monolayer.

Above C(ISAs, both 2D and 3D assemblies exhibited la-
mellar morphologies without solvent inclusion. At these chain
lengths, the forces governing the assembly are similar. How-
ever as previously noted by Enkelmann et al.,'* the details of
the H-bonding arrangements are dimension dependent. As
before, the SAM morphology can be explained by the balance
between entropic cost of ordering and enthalpy gains from
intermolecular and surface interactions. The unfavorable or-
dering of a neat monolayer is overcome by the increased vdW
interactions at chain lengths of 10 carbons and above. The
energetic difference between whether C,ISA form a neat and
mixed SAM in phenyloctane on HOPG is on the order of 3
additional vdW interactions (C;o]ISA—CjISA  versus
C,ISA—C,ISA), which is at most 49 kJ/mol.

The goal of finding a quantitative transition point between
differing morphologies was achieved. However, the unex-
pected inclusion of the solvent at the transition point meant
this transition point was more complicated than the expected
C.ISA—C,ISA interactions. Two transition points were ob-
served. The first was the transition from a H-bonded C(ISA
SAM to a solvent-dependent lamellar C;ISA SAM, while the
second was the transition from a solvent-dependent lamellar
C1oISA SAM to a solvent-independent C;;ISA SAM.

Interestingly, the transitions between morphologies oc-
curred at different chain lengths in 2D SAMs than in 3D crys-
tals. It is important to emphasize that the experimental condi-
tions for 2D SAMs used phenyloctane as a solvent, while the
literature and experiment results for 3D crystals used MeOH
and/or THF. Therefore, it is not yet known if the difference in
the chain length of morphology transition is due to substrate
effects or due to solvent interactions. Experiments with the
same solvent at these chain lengths would be of use for further
quantifying these relationships and determining the extent to
which the substrate stabilized the interactions. Additionally,
flow micro calorimetry experiments and molecular mechanics

6

ACS Paragon Plus Environment

Page 6 of 10



Page 7 of 10

oNOYTULT D WN =

simulations to quantify the enthalpy of adsorption as done by
Barnard and Matzger® would be useful to further understand
the behavior of the system.

It is of great interest to further this work in collaboration
with theorists. Devising a model from this experimental data
that can be used to predict future structures could provide
insight into generalizable rules for self-assembly. While a
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generalizable model for surface assembly has thus far not been
possible, the study of complex systems such as those in this
work provide the detailed information necessary for insight
into the patterns of self-assembly across different systems. A
deep understanding of similarities in self-assembly behavior is
necessary for developing a generalizable theoretical frame-
work.

Table 2: Summary of literature and experimental structure results for multiphase C,ISA self-assembly

3D results

Solvent dependent structures

vdW dominated structures, no solvent effects

C,ISA molecule 2D results
Short Chain Lengths
o
‘rx(z"}‘i o 1
O e ‘\u‘\'\‘{ 1‘1
Mid Chain Lengths B¢ ) e
JAAAN L
m T AT
Xe
Long Chain Lengths
CONCLUSIONS

In conclusion, 5-alkoxyisopthalic acids were used as model
systems for comparing 2D and 3D self-assembly. Similar
trends were observed for the forces governing self-assembly,
however the chain lengths of morphological transitions and the
finer details of the assemblies differed. This work demon-
strates that 2D systems may be used to inform the behavior of
forces in 3D self-assembly, however care must be taken when
working in transition regions.

Shorter chain C,ISA molecules exhibited H-bonding mor-
phologies in both phases, with network structures for
CISA—C4(ISA SAMs  and  dimer tape structures for
C,ISA—C;ISA 3D crystals. The mid-chain length molecules,
CsISA—CoISA SAMs and C;—C,ISA 3D crystals exhibited
solvent dependent morphologies, with SAMs forming wide
lamella with unexpected phenyloctane-C,ISAs alkyl chain
interdigitation and 3D structures forming layered ring or la-
mellar structures in THF and MeOH respectively.'* The long

chain structures, starting at C(ISA in 2D and at C,; in 3D,
exhibited solvent independent lamellar morphologies.

Interestingly, the transitions between morphologies oc-
curred at different chain lengths in 2D SAMs than in 3D crys-
tals. Further experiments using the same solvent in both di-
mensions and exploring other substrates would be of interest
to further elucidate the substrate contribution to SAM stability.
The unexpected solvent dependent morphologies observed for
mid-chain length 2D SAMs leads to an interest in exploring
whether solvent-independent film morphologies are attainable
by altering the chain-length of a moiety on an integral SAM
component. This work adds to the continual exploration of
physisorbed SAMs, which is crucial to building the data need-
ed to develop models for predicting SAM and thin film mor-
phology, including mixed-dimensional (2D/3D) van der Waals
heterostructures.*
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