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ABSTRACT: We report a ‘one step’ method for preparing conductive thin films with cylindrical
microdomains oriented normal to the surface over large areas using the supramolecular assembly
of poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) and 5,10,15,20-tetrakis(4-hydroxyphenyl)-
21H,23H-porphine (HOTPP). The HOTPP interacts with the P4VP block by a hydrogen bonding
between the hydroxyl group of HOTPP and pyridine ring of PS-b-P4VP, forming cylindrical
P4VP(HOTPP) domains having an average diameter of ~17 nm in a PS matrix. Dynamic light
scattering, contact angle, and in sifu grazing incidence small-angle X-ray scattering analyses
show a morphological transition from spherical micelles in solution to cylindrical microdomains
oriented normal to the substrate surface during the drying process. From the dependence of
current on voltage, an average current of ~ 4.0 nA is found to pass through a single

microdomain, pointing to a promising route for organic semiconductor device applications.



The self-assembly of block copolymers (BCPs) has generated widespread attention in the areas
of nanoscience and nanotechnology due to their formation of periodic arrays of nanoscopic
domains that serve as scaffolds and templates for the fabrication of inorganic nanomaterials.'”
BCPs microphase separate into spherical, cylindrical, lamellar and gyroid microdomains,
depending on the volume fraction and rigidity of the components and segmental interactions,
while the size of the microdomains is dictated by the molecular weight.®!" Absent an external
field, at equilibrium, the orientation of the microdomains is dictated by the interactions of the
blocks with the substrate, surface energies of the blocks, segmental interactions and
commensurability of the natural period of the copolymer and the film thickness.'*'* However,
processes, like solvent evaporation, where interfacial interactions can be mediated by the
presence of the solvent and where there is a gradient in the field normal to the surface, i.e.
solvent can evaporate only through the surface producing gradient in the solvent concentration,
can be used to kinetically trap a specific orientation of the microdomains.'>"” The orientation of
the cylindrical microdomains normal to the film surface is of particular interest for fabricating
high performance organic semiconductor devices such as organic resistance memory (ORM)
device. If the microdomains oriented normal to the film surface, and the microdomains are semi-
conductive, then thin films of BCPs could find use as, for example, active layers in ORM

devices.

Low-molecular-weight additives that associate with one of the blocks of a BCP by
noncovalent interactions afford a simple strategy to introduce new functionality and provide a
simple route to fine-tune the morphology by solvent and/or thermal annealing.'®** These

annealing processes, though, are energy intensive, environmentally unfriendly, and make



processing more complex, limiting the fabrication of large-scale films.?% Ideally, the additive
would serve to significantly enhance the microphase separation and mediate interfacial
interaction so as to promote the orientation of the microdomains normal to the surface of the

film, thereby eliminating post-processing steps.

Herein, a functional small molecule, 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23 H-porphine
(HOTPP), that associates, by a hydrogen bonding, to the vinylpyridine groups of poly(styrene-
block-4-vinylpyridine) (PS-b-P4VP, 19000-b-5000 g mol'), is used to tune the thin film
morphologies by varying the ratio between HOTPP and vinylpyridine groups, as shown in

Scheme 1 and Table 1. HOTPP was selected as the low-molecular-weight additive for two
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Scheme 1. Scheme of the fabrication thin film approach based on

P4VP(HOTPP)

the supramolecular assembly.

reasons. First, each HOTPP contains four hydroxyl moeities that can hydrogen bond to the
pyridine groups in the P4VP blocks, leading to significantly increase segmental interaction
parameter and, also, to a convenient means to crosslink the assemblies. Second, the 18 -
electrons of HOTPP are coplanar enabling a m -stacking that leads to excellent electronic

properties.”® * Proton nuclear magnetic resonance ("H NMR) and Fourier transform infrared



(FTIR) spectroscopies evidence the formation of hydrogen bonding between the pyridine groups
on P4VP block and hydroxyl groups on HOTPP. Atomic force microscope (AFM) and in situ
grazing incidence small-angle X-ray scattering (GISAXS) enabled the investigation of the
evolution of the morphology, specifically a transition from spherical micelles in solution to
cylindrical microdomains oriented normal to the substrate as the solvent evaporated. The

electronic properties of the supramolecular thin films were also investigated.

RESULTS AND DISCUSSION
We construct supramolecules (SMs) by attaching HOTPP to PS-b6-PAVP via a hydrogen

bonding between hydroxyl moeities on HOTPP and the pyridine groups on P4VP block. The

Table 1. Characteristics of PS-b-P4VP(HOTPP)

Sample fp4vp(HOTPp)a(%) 4VP/OHb Dc(nm) Dd(nm)

SM1 20.83 1:0 12.00 -

SM2 22.39 16.81/1 1649 -

SM3 23.88 8.40/1 16.79 18
SM4 25.31 5.60/1 16.84 18
SM5 26.70 4.20/1 17.25 18
SM6 34.03 1.68/1 1936 18
SM7 36.16 1.40/1 21.13 20
SM8 40.02 1.05/1 19.14 19
SM9 43.39 0.84/1 19.13 19
SM10 100 0/1 - -

*Weight fraction between PS-b-PAVP(HOTPP).
*Stoichiometric (molar) ratio of pyridine to hydroxy groups.

‘The hydrodynamic radius of micelle of PS-b-PAVP(HOTPP) was
measured by dynamic light scattering.

“The microdomain spacing was measured by small angle X-ray
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resultant SMs are identified as SM1to SM10 where the specific details are provided in Table 1
and the supporting information.

A high volume fraction of PAVP(HOTPP) ensures efficient charge carrier injection and
transport. However, for highly crystalline organic molecules, such as HOTPP, at higher volume
fractions of PAVP(HOTPP) there is a strong tendency for the molecules to aggregate, making it
challenging to generate uniform films.? * Consequently, there is a delicate balance between the
volume fraction of P4VP(HOTPP) and film uniformity, which is critical for the device

performance. Figure 1 and Figure S1 show the AFM height images of spin-coated thins films

Figure 1. AFM height images of thin films spin coated from a toluene/THF (6:4, v:v)
mixture solution absent any post treatment. (a) SM1, (b) SMS5, (c) SM7, and (d) SMS8. Scare

bar: 200 nm and z scale: 10 nm.

absent post annealing treatments. The supramolecular thin films show different morphologies
depending on the volume fractions of the components due to the intermolecular P4VP with

HOTPP interactions. For low concentrations of HOTPP, the surface of the films are featureless,



with no strong evidence of either microphase separation or microdomains oriented normal to the
films surface. However, by increasing the HOTPP to 27 % (Figure 1b) or higher, cylindrical
microdomains oriented normal to the substrate are observed. At higher concentrations of HOTPP
(above 40 %), aggregates of HOTPP (bright areas in the AFM images in Figure 1d and Figure
S1h/11) are seen, indicating a saturation of the interactions of the PS-b-P4VP, with the excess
HOTPP forming aggregates. Consequently, SM7 represents the optimum balance with the
highest volume fraction of PAVP(HOTPP) while maintaining film uniformity. UV-vis absorption
and grazing incidence wide-angle X-ray scattering (GIWAXS) were consistent with the AFM
results, as shown in Figure S3/S4. Pristine HOTPP shows a Soret band absorption at 427 nm and
a broader Q-band absorption at 665 nm. At low HOTPP concentrations (e.g., SM2 and SM3), a
Soret band absorption is evident at 433 nm which is red-shifted from the pristine HOTPP,
indicating that the intermolecular interactions between HOTPP molecules decrease, since PS-b-
P4VP can disperse HOTPP. By further increasing the concentration of HOTPP (e.g. SM5 and
SM7), the wavelength of the Soret band does not change and Q-bands at 529, 565, 607, and 653
nm are observed, due to the increase in the absorption coefficient. At high HOTPP concentrations
(e.g. SM8), a tail appears due to a light scattering effect, indicating that HOTPP can stack by wt-t
stacking which is further confirmed by GIWAXS results. Figure S4 shows the GIWAXS patterns
of SM1, SM7-SM10. The thin film based on PS-b-P4VP shows a broad peak at 1.358 nm™. The
shape and position have no obvious change with increasing the volume fraction of
P4VP(HOTPP). However, for SMS8, a new interference is observed at 1.542 nm™ which
corresponds to the pure HOTPP, suggesting that intermolecular interaction between HOTPP

increases with increasing the volume fraction of PAVP(HOTPP).



'H NMR and FT-IR spectroscopies provide evidence for hydrogen bonding between the
pyridine groups on P4VP block and hydroxyl groups on HOTPP. Figure 2a shows the 'H NMR
analyses of pure polymer PS-b-P4VP, small molecule HOTPP, and SM7. In comparison to pure
PS-b-P4VP, the peak arising from the P4VP block at 3-position is shifted from 8.43 to 9.00 ppm
and that of the hydroxyl groups on HOTPP is shifted from 8.78 to 8.84 ppm, indicating

interaction between the pyridine groups of the P4AVP block and hydroxyl groups of the HOTPP.
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Figure 2. (a) '"H NMR spectra of PS-b-P4VP (SM1), SM7, and HOTPP

(SM10) in toluene-d,/THF-d,. (b) FT-IR spectra of SM1, SM7, and SM10.




Noting that the peak (8.43 ppm) arising from the P4VP block at 3-position and the peak (8.78)
arising from the hydroxyl groups on the HOTPP almost vanishes for SM7, indicating that there is
virtually no pure BCP PS-b-P4VP or free small molecule HOTPP in toluene-d7/THF-d4
solution. In comparison to pure HOTPP, the peaks arising from HOTPP in SM7 are significantly
broadened, indicating that the small molecules, due to the hydrogen bonding, are no longer free
and motions are severely retarded. The peaks arising from PS are essentially unchanged (Figure
S6), as would be expected. Figure 2b compares FT-IR spectra in the 986-1018 cm™ region for
pure BCP PS-b-PAVP, small molecule HOTPP, and SM7. The absorption arising from free
pyridine groups at 994 cm™ which almost vanishes for SM7. However, a new absorption for
SM7 is seen at 1007 cm™ corresponding to the hydrogen-bonded pyridine. This result is very
similar to that reported elsewhere for hydrogen bonds of pyridine groups on P4VP block with the
hydroxyl groups of other small molecules.*® *' The 'H NMR and FT-IR results indicate the
interactions occur only between the pyridine groups of the P4VP block and the hydroxyl groups
on the HOTPP.

Previous work has shown that PS-b-P4VP forms micelles in the toluene/THF (6:4, v:v) mixed
solvents with the soluble PS block in the corona and the insoluble P4VP block in the core.*
Table 1 shows that the hydrodynamic radius of the micelles based on PS-6-P4VP is ~ 12.00 nm.
The hydrodynamic radii of micelles based on SMs gradually increases with increasing the

volume fraction of PAVP(HOTPP), since HOTPP can induce more BCPs to be involved in the
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formation of increases to ~
40%, the size microdomains

remains cons droxyl groups.

Consequently, each HOTPP can hydrogen bond with Tour P4 VP moieties which could lead to an
increase in the size of the micelles. However, in the solid state, the size of the cylindrical
microdomains remains essentially constant. For a higher concentrations of HOTPP, aggregates
of HOTPP (Figure S1h/2i) are observed, indicating a saturation of the interactions of the PS-b-
P4VP, with the excess HOTPP forming aggregates. As shown in Table 1 and Figure 1, the size
of the microdomains observed is ~ 2 times smaller than the size of the micelles, due to solvent
removal and the transformation from spherical micelles to cylindrical microdoains. In addition,
THF, with a higher vapor pressure, evaporates more rapidly than toluene, allowing the core of
the micelles to decrease initially, while the PS block remains solubilized. The reduction in the
volume of the PAVP(HOTPP) also allows the HOTPPs to interact by m-stacking further

promoting the formation of the cylindrical microdomains.

We investigated this transition by real-time in situ GISAXS (see Figure 3a/3b). Thin films
were prepared using a mini slot-die coater mounted directly in the path of the incident x-ray
beam.* Figure 3a shows the line cut of the GISAXS profiles based on SM7 thin film during the
drying process. Figure 3a/3b shows the change in ¢, of the SM7 thin film during drying.
Initially, g is ~ 0.014 A (d = ~ 44 nm), similar to the size of the micelles (~ 42 nm). With
increasing time, i.e. solvent evaporation, the peak position changes from ¢, ~ 0.014 A't00.024
A-ldecreases and then vanishes. After 1.0 second, a new interference at g, ~ 0.030 A (d = ~ 21

nm) emerges and grows in intensity with increasing time. There is a relatively brief period of
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time where both interferences are seen. Finally, after all the solvent has evaporated (~2.2
seconds), the scattering does not change. An AFM image of the dried film is shown in Figure 3c,
where cylindrical microdomains oriented normal to the substrate are evident with a size of ~17

nm.

An SM7 thin film was prepared on an indium-tin oxide (ITO) glass substrate and an aluminum
(Al) electrode (0.00126 cm?) was evaporated onto the film surface to connect each microdomain
in parallel. The areal density of microdomain (Figure S8) is ~ 2 x 10'' domains cm™, hence, each
Al electrode contacts ~ 2.52 x 10® microdomains in parallel. The /-V characteristic of SM7 thin

film was measured by Keithley 4200-SCS. At first, the current gradually increases with
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Figure 4. (a) The current-voltage characteristic of SM7 thin film. (b)

Retention times at the ON and OFF states of the memory devices.

increasing voltage (Figure 4a). When the voltage increases to ~ -1.26 V, the current abruptly
jumps from ~ 8.3 x 10° A to ~ 1.5 x 107 A. Finally, the current saturates at 0.10" A after the
voltage was increased to -4 V. Assuming every microdomain was in contact with the two
electrodes, the current carried by a single microdomain is ~ 4.0 nA. The transition from the OFF
state to the ON state at -1.26 V can be used for a “write” process for a memory device.* The cell
did not return to its original OFF state during a subsequent voltage sweep (sweep 2), even after

applying a reverse voltage sweep (sweep 3). Consequently, the array shows a non-volatile write-
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once-read many-times (WORM) characteristic. The stability of the ON state was measured.
Figure 4b shows the retention time testing at different states. No noticeable current degradation

was secn.

CONCLUSIONS

The hydrogen bonding between a functional small molecule, HOTPP, and the pyridine groups
of the P4VP in a PS-b-P4VP BCP, was confirmed by the '"H NMR and FTIR. SM7 was found to
have the optimal balance with the highest volume fraction of PAVP(HOTPP) while maintaining
film uniformity. A morphological transition from spherical micelles in solution to cylindrical
microdomains oriented normal to the substrate during thin film drying was observed. The current
of a single microdomain is estimated to ~ 4.0 nA through the /-V curve. Our finding shows
promise of using SMs for further device applications. By introducing highly conductive
materials into the microdomains, higher currents can be achieved, opening the possibility to

decrease the size of the microdomains, and increasing the areal density of elements.
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