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ABSTRACT: Thin films of poly(styrends-4-vinylpyridine) (PS4VP) 1,(PS)= 71.9 kg/mol;M,(P4VP)= 30.2

kg/mol] mixed with 1,5-dihydroxynaphthalene (DHN) were dip-coated onto flat substrates from THF solutions.
The resultant nanostructures were characterized by AFM, TEM, infrared spectroscopy, contact angle measurements,
and cyclic voltammetry. The DHN selectively enriches the P4VP domains through hydrogen bond complexation,
giving relative block compositions that should result in lamellar morphology in the bulk. However, films dip-
coated from solutions of variable DHN:4VP molar ratios self-assemble into a quasi-hexagonal array of nodules
of P4VP + DHN protruding above a PS matrix. This morphology can be ascribed, at least in part, to greater
solubility in THF of PS compared to P4VP. The solubility difference appears to be highest for equimolar DHN:
4VP. The removal of DHN from the deposited films by rinsing with methanol creates regularly patterned
nanoporous films. The geometric parameters of the nanopatterns before and after DHN removal depend on the
DHN:4VP ratio. Electrochemical measurements indicate that the pores penetrate the methanol-rinsed films most
deeply for those prepared using an initial DHN:4VP molar ratio of 4:1. It was estimated from these measurements
that a P4VP layer of about 2 nm thick is located at the fiknbstrate interface, through which electron tunneling

can occur.

Introduction with two different hydrogen-bonding groups, 2-@ydroxy-

The achievement of regular nanoscopic functional patterns phenylazo)benzoic acid (HABA)’ was ;hown to givg a CV“”P'”'
on various surfaces is a key issue for numerous applicationsc@ morphology where the cylinder axis can be oriented either

including nanolithography, catalysis, data storage, optics, and horizontally or vertically_ (relative to the substrate) depending
nanoelectronics:® Block copolymerd,which have been widely ~ 0N the solvent used; this was related to the type of hydrogen
studied in the bull,in solution? and as thin film<211are well- bond (involving either the hydroxy or the acid group of HABA)
known to self-assemble into meso- and nanoscale structures. Al2vored in the presence of the solvént. _
major challenge is obtaining and controlling long-range order A major advantage of the supramolecular strategy is that the
and orientation of the nanostructured patterns. To achieve this/OW molar mass substance can be removed easily from the block
in block copolymer thin films, various strategies have been COPOlymer nanopattern by selective dissolution to produce a
developed. They range from chemical modification of the nanoporous material with the same overall morphology as the
substrate surface in view of suitable substrgielymer inter- parent material, shown in both the btit®and the thin film
actions, to the control of film thickness relative to the natural Materials® just described. It is noteworthy that the resulting
period of the polymer through the effect of boundary conditions, Nanopores are_llned_wnh functional groups that are available
to the use of external fields including electric, crystallization, for further manipulation. As an example, it was demonstrated
and solvent evaporation field8. in ref 15 that the vertically oriented cylindrical nanoporous film
Recently, a strategy that combines supramolecular chemistrycUld be used as a template to grow an ordered array of nickel
with block copolymer self-assembly has been developed and nanodots via eIectrodeposnmn. In related work, Russell and co-
provides a simple and powerful technique for controlling the Workers have shown that thin poly(styrebenethyl meth-
formation of well-defined nanostructures in btfid4 and in thin acrylate) (PS-PMMA) films with vertically oriented PMMA
films.15-17 In this approach, low molar mass substances are cylinders swelled by low molar mass _PMMA also lead to (ve_ry
associated with one of the blocks by noncovalent interactions. SMall) pores after removal of the oligomer by selective dis-
Most frequently to date, small molecules bearing hydroxy and/ Selution: .
or carboxylic acid functions have been hydrogen-bonded to !N this paper, we have applied the supramolecular approach
pyridine functions in poly(styrenb-4-vinylpyridine) (PS4VP) described in ref 15 to thin films of a much higher molar mass
block copolymers. This results in an increase in the 4VP block PS4VP block copolymerMq(PS) = 71 900, My(P4VP) =
fraction, thereby influencing the morphology obtained. In the 30 200 g/mol] where the relative fraction of the 4VP block is
bulk, this strategy was used with a long-chain alkyl phenol to also muc_h greater. It is complexed with a d|top|c small molecule
fabricate a material with hierarchical morphology on two POSSessing a single type of hydrogen-bonding group, namely
different length scales that was strongly amenable to thermal 1,5-dihydroxynaphthalene (DHN) (chosen in part for its low
manipulationi In dip-coated thin films of PS4VPM,(PS)= toxicity compared to phenol derivatives). The hydroxy groups

35 500,M,(P4VP)= 3680 g/mol], the use of a ditopic molecule ~ aré expected to hydrogen-bond to the VP groups, as illustrated
in Figure 1. We show, in addition, that the DHN:VP stoichi-

ometry is a useful parameter for controlling the geometric
* To whom correspondence should be addressed. f fthe thin fil hi d bef d aft
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_ _ trometer equipped with a DGTS detector. The samples were solvent
%CHZ CH}:{CHZ cH n cast on sodium chloride pellets and dried overnight atG@nder
7 dynamic vacuum. Spectra of the DHN-containing copolymer films
l were also taken after immersion into anhydrous methanol for 10
min, followed by drying at 70C under dynamic vacuum for 1 h.
Atomic Force Microscopy (AFM). AFM images were obtained
in light tapping mode with a Multimode microscope and a
Nanoscope Il controller (Digital Instruments), operated under
ambient atmosphere. The tips had spring constants between 1.5 and
3.7 N.nT! and oscillation frequencies between 170 and 350 Hz.
The typical tip radius was below 10 nm. The experiments were
repeated several times for each film composition, particularly
OH frequently for the 1:1 and 4:1 (DHN:4VP molar ratio) samples,
including for at least two separately prepared solutions from which
the films were dip-coated. The geometric parameters reported are

techni ith dil ilabl tact | d i averages based on measurements obtained from several images for
echniques with readlly avaiiable contact angle and CycliC e game composition. To measure the film thickness, films

voltammetry measurements together provide a good picture of yeposited on silicon wafers were scratched with a scalpel, and AFM

i

T z/

i

Figure 1. PS4VP+ DHN supramolecular assembly.

various aspects of these films. images were taken at the borders of the scratches; average values
. . were obtained from several measurements along each of several
Experimental Section scratches.
Materials. The block copolymer poly(styrerte4-vinylpyridine) Transmission Electron Microscopy (TEM). TEM measure-

(PS4VP), withM,, = 71 900 g/mol for PS and 30 200 g/mol for ~Ments were performed using a JEOL JEM 2000FX at 80 kV. Prior
P4VP andM,/M, = 1.08 for PS and 1.13 for both blocks, was O film deposition, freshly cleaved mica substrates were carbon-
purchased from Polymer Source and used as received. 1,5-coated (using a Cressington 108 Carbon/A vacuum carbon evapora-
Dihydroxynaphthalene (DHN) (97%) was purchased from Aldrich, tor) to ease floating of the film at the water surface. (AFM
filtered in acetone using 0.4sm PTFE filters, and recrystallized ~ €xperiments showed that the copolymer nanostructures were the
from acetone/hexane (50/50 v/v). Tetrahydrofuran (THF, 99.9%) Same on silicon oxide, mica, anq carben substrates.) The fllims were
and methanol (99.9%) were purchased from VWR and filtered twice then transferred onto copper grids using the floating technique. To
with 0.2 um PTFE filters before use. enhance the contrast between the blocks, the samples were exposed
Silicon wafers {100}, 2 nm thick native oxide layer, as [0 I, crystals for 24 h. Ioc_line vapor selectively stains the P4VP
determined by ellipsometry), purchased from Wafer Works, were Plocks and appears dark in the micrographs.
used as substrates unless otherwise specified. Several cleaning Cyclic Voltammetry (CV). Electrochemical measurements were
methods were tested with regards to the nanostructural orderPerformed using an Epsilon C3 potentiostat (Bioanalytical Systems)
obtained after film deposition. It was concluded that simple rinsing With the three-electrode configuration. The reference electrode was
in Millipore water, wiping with Kimwipe tissue, followed by rinsing ~ A9/AgCI, NaCl (3 M) and the counter electrode a platinum foil.
in THF and drying under nitrogen flow provided surfaces clean The electrolyte was a 5 mM Fe(C{)/5 mM Fe(CN)*~ (*ferri/
enough to give the same results as obtained with stronger cleaningférrocyanide”) aqueous solution, phosphate-buffered at pH 7 and
procedures such as ultrasonication in organic solvents followed by 0-1 M NaCl. Millipore water (16.&2-cm) was used, and the solution
strong oxidative treatments like boiling “piranha” or “aqua regia® Was filtered with a 0.45%m PTFE filter just before use. Cyclic
solutions. The simpler method was thus chosen for systematic Voltammograms were carried out fror0.3 to 0.7 V vs Ag/AgCI
cleaning of the silicon wafers just prior to film deposition. at various scan rates. Gold-coated glass slides (with an adhesion-
Sample Preparation. To obtain the supramolecular assembly, €nhancing interfacial chromium layer), graciously supplied by Dr.
the copolymer and DHN were dissolved together in THF at a Ming Zhou of the National Research Counc_ll of Canada, _Ottawa,
constant copolymer concentration of 0.5 wt % and various DHN Were used as substrz_ates. They were rlnsed in THF_a_nd dried under
to copolymer ratios (specified as moles of DHN molecules relative Nitrogen flow before film deposition. After film deposition, the area
to the VP moieties). The solutions were stirred at ca. °Z0 to be_lmmersed in the electrolyte was delimited by epoxy resin.
overnight in closed vials to ensure homogeneous mixing of the AFM imaging showed that adding a gold layer or electrochemical
components. The block copolymer without DHN was similarly cycllng in an aqueous solution did not modify the nanostructures
dissolved in THF and heated overnight at %D. The solutions ~ obtained.
were filtered with 0.2um PTFE filters just before use. The Contact Angle Measurements.Block copolymers and ho-
substrates were dip-coated by vertically immersing the substrate Mopolymers were dip-coated from THF solutions onto silicon
into the solution at a rate of 10 mm/min, followed by a 20 s pause, Wafers. Millipore water drops (6L) were deposited on the surface,
and then raising the substrate out of the solution at a rate of 5 mm/and the angle at the interface was measured. Images were taken
min. The speeds were precisely controlled by using a KSV 3000 USing & First Ten Angstros FTAZOQ apparatus. Contact angle data
Langmuir film balance. The speed of immersion was not found to aré average values of two opposite points of ca. 5 drops.
influence the order of the nanostructures (as long as the pause timehesults and Discussion
was long enough to allow all perturbation to be fully damped),
whereas faster pull-out speeds led to less ordered structures. The Supramolecular Assembly of PS4VP and DHNIt was first
coated substrates were air-dried in Petri dishes. To remove the DHN,verified by FTIR that the two components PS4VP and DHN
the coated substrates were immersed in methanol for 30 min anddo indeed hydrogen-bond together. The spectra of DHN, PS4VP,
dried under nitrogen flow and then in a vacuum oven at@@or  and the equimolar DHNPS4VP complex before and after DHN
5 min to ensure complete methanol evaporation. The concentrationremoyal are shown in Figure 2. The free pyridine peaks at 993
of 0.5 wt % copolymer was found to give a film of uniform 5,4 1415 cmt (dotted lines) for PS4VP are shifted to 1008
thickness over the entire surface of the substrate for equimolar and 1420 cm! (downward-pointing arrows), respectively, for

DHN:4VP compositions. Higher concentrations or higher DHN: . .
4VP molar ratios led to the partial deposition of a second layer on the DHN—PS4VP complex. These shifts are clear evidence that

top of the first one (dewetting behavior); it has the same thickness the pyridine groups are hydrogen-bondé‘&}’.vﬁavzqzurthermore,

as the first layer but shows a disordered nanostructured surface. it can be concluded from the disappearance of the peak at 993
Fourier Transform Infrared Spectroscopy (FTIR). Infrared cm™ ! that essentially all of the pyridines are hydrogen-bonded

spectra were recorded with a Digilab Excalibur 3100 HE spec- in the equimolar complex. CDV
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Figure 2. FTIR spectra of DHN, PS4VP, and the PS4¥PDHN complex (DHN:4VP molar ratio 1:1) before and after removal of DHN.

Figure 3. AFM height images (a, b) and TEM images (c, d) of a thin film of PS4VP®HN (1:1 DHN:VP molar ratio) dip-coated on silicon.
Fast Fourier transforms (FFT) of the AFM images are given in the insets of (a) and (b). AFM height se@@:n®. TEM films are J-stained.

After immersion of the film in methanol, the free pyridine tion of the solution, thus making the supramolecular assembly
peaks are recovered, whereas the characteristic DHN peaks hava symmetric copolymer system. It might therefore be expected
disappeared as shown in particular by the isolated DHN band that the deposited films also have a lamellar structure. However,
at 1378 cm? (indicated in Figure 2 by the upward-pointing the AFM and TEM images in Figure 3 show that a pattern of
arrows). This demonstrates that rinsing with methanol is efficient hexagonally ordered nodules in a continuous matrix is obtained.
for eliminating DHN from the copolymer, as was observed in  The AFM images indicate that the nodules protrude above the
ref 15 for HABA. matrix. The TEM images reveal that the PAWPDHN phase

Film Morphology of the Equimolar Supramolecular (dark dots) is located in the nodules and the PS phase (light
Assembly.The copolymer used has a P4VP weight fraction of regions) forms the matrix. This arrangement is qualitatively
0.3, which is just below the boundary composition of the identical to that obtained for the PS4\AP HABA system of
cylindrical/lamellar morphological transition in the bu#e.The much lower P4VP weight fraction (0.10 and 0.25 before and
selective addition of DHN to the P4VP phase induces an after addition of equimolar HABA, respectively, the latter of
increase in the weight fraction of the latter, notably to 0.51 if which was shown to give a cylindrical morphology in the bulk)
the deposited film maintains the equimolar DHN:4VP composi- from a 1,4-dioxane solutiotf. It may be mentioned, in thi&DV
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Table 1. Geometric Parameters of the Nanostructures in the Dip-Coated PS4VP Copolymer Films with and without DHN, before and after
Rinsing with Methanol, As Measured from AFM (Normal Characters) and TEM (Bold Characters) Images

as-deposited after immersion in methanol

DHN:4VP

molar ratio Pnod dn-n Pnod Nfiim Ppore dp—p hpore Niim

no DHN 25+ 5 4545 441 154+ 1 154+ 5 47+ 3 442 1442
27+ 3 47+5 16+ 4 48+ 7

1.2 22+ 13 404 22 9+2 b 13+ 10 40+ 15 7+2 b

11 31+ 3 48+ 6 1142 7+2 184+ 3 47+ 6 7+1 7+2
25+5 50+ 4 18+ 4 45+ 6

2:1 31+6 51+ 6 1142 9+ 2 20+ 3 47+5 9+ 1 1142
20+2 56+ 6 c 56+ 11

4:1 31+ 4 644+ 6 7+2 164+ 2 25+ 5 60+ 5 1842 1842
24+ 3 72+ 11 26+ 5 70+ 10

3 ¢dnod = Nodule diameterd,—, = center-to-center distance between nearest-neighbor notiwdess nodule protrusion above the matrixm = film
thickness at the matrix levefyore = pore diameterdy—, = center-to-center distance between nearest-neighbor pores,gvet pore depth. All data are
in nm. The ranges given indicate minimum and maximum values meaduUxed.measuredS Features not sufficiently regular to give reliable values.

Table 2. Water Contact Angles,@ (in deg), of the Dip-Coated PS4VP

connection, that we found the same pattern even for an initially + DHN Copolymer Films at the DHN:4VP Molar Ratios Indicated

nearly symmetric block copolymer for which the weight fraction before and after Immersion into Methanol, and of the

of the P4VP phase becomes 0.7 after addition of equimolar Corresponding Homopolymers

DHN—that is, despite the P4VR- DHN being the apparent DHN:4VP DHN:4VP DHN:4VP
majority phase, it still leads, in films dip-coated from THF PS P4VP  (1:1) (2:1) (4:1)
solutions, to a morphology of ordered PAMPDHN nodules 0 (as deposited flm) 923 62+3 86+4 86+3 88+4
within a PS matrixt 0 (after MeOH rinse) 605 62+5  69+3

Similar behavior was observed for solution-cast films of
styrene-butadiene di- and triblock copolymers with certain amount of (covalently attached) PS embedding the nodules due
solvents?? This structure, where the minority block forms the  to shrinkage of the adjacent swollen matrix around these objects
continuum phase, was termed an “inverted phase”, and it wasduring drying. It may also be due to an enlarging effect caused
attributed to the solventalthough good for both blockshaving by the finite diameter of the AFM tip%.
a preferential affinity for the minority block. The consequence  Given that the maximum nodule height (equivalent to the
in a high concentration regime, which is the state of undried total film thickness) is comparable to or even smaller than the
deposited films, is that this block is preferentially swollen with  nodule diameter, the morphology may be considered to be
the solvent such that it is the effective majority phase; the spherical in nature. On the other hand, the PS4VIRABA
resulting structure is frozen in upon sample dryifjThis may system dip-coated from dioxane solution results in ordered P4VP
be compared to the case of symmetric block copolymers + HABA domains that are significantly smaller in diameter
dissolved in solvents that are selective for one of the blocks, (9.3 nm) than the film thickness (240 nm) and were
resulting in micellar solutions that can lead to an ordered concluded to be vertically oriented cylinders in a PS maftix.
micellar morphology in ultrathin films prepared from these From this point of view, and considering that the P4VP block
solutions?324In our case, THF is a solvent for both blocks,  in our case is much greater in weight fraction than for the
but with greater affinity for PS than for P4\VA%Z7 this may copolymer used in ref 15, the nodules may also be considered
not be altered (or may be exacerbated) by complexation of P4VPto be perpendicularly oriented (short) cylinders.
with DHN. Other factors may contribute as well; in particular, It is of interest to note that, for our system, the use of THF
the presence of DHN may affect interfacial interactions during gives exclusively nodular (spherical or perpendicularly oriented
the deposition and drying of the thin films (including possible cylindrical) morphology, whereas the PS4WPHABA system
effects of solvent evaporation réte3l). Furthermore, itis not  dip-coated from THF solution gives a mixture of horizontally
known whether the deposited film actually contains an equimolar and perpendicularly oriented cylindéfs. We verified that
amount of DHN. nodular morphology only was obtained also for the copolymer

The geometric parameters of the nanostructures viewed inof identical composition as that in ref 15, which argues that it
the AFM and TEM images are summarized in Table 1. The is the type of low molar mass additive that makes the difference
film thickness is about 7 nm at the matrix level, with the nodules and not the copolymer composition or molar mass. We are
protruding about 11 nm higher to give a total thickness of nearly currently investigating this further with other hydrogen-bonding
20 nm. The protrusion of the P4\AP DHN nodules above the ~ small molecules.
PS matrix is consistent with preferential swelling of the PS by  To probe the nature of the surface of the deposited film, the
THF in the deposited (undried) film, in that drying of such a water contact angle was measured: Table 2 shows that it is
film results in significant shrinkage of the matrix toward the close to that obtained for a PS homopolymer film. This indicates
substrate. Height differences ascribed to solvent preferences fotthat most if not all of the film is covered by PS, including the
one phase over the other have been reported for other copolymenodules. This result is expected, since a PS surface layer
and blend filmsg?%:27.32.33The |ateral order of the nanostructures minimizes the surface energy in &rTokarev et al® also
is imperfect, but it clearly tends to organize in a two-dimensional measured a surface enrichment of the PS component (compared
hexagonal lattice, as shown by the fast Fourier transforms (FFT)to the copolymer composition), using X-ray photoelectron
of the AFM images (insets in Figure 2a,b). The average nodule spectroscopy, and concluded that a very thin layer of PS covers
diameter is about 30 nm and the average center-to-centerthe entire sample of perpendicularly oriented cylinders.
distance between nearest-neighbor nodules about 50 nm. The Morphology of the Nanoporous Film. Rinsing the dip-
diameters observed by AFM are somewhat larger than thosecoated film with methanol, which is a solvent for P4VP and
observed by TEM, which might be caused by a significant DHN but not for PS, removes the DHN from the P4VP blogbv
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Figure 4. AFM height images (a, b) and TEM images (c, d) of the nanoporous film obtained after immersion of the dip-coatecHPBBNXP
thin film in methanol to remove DHN (initial DHN:4VP molar ratio 1:1). AFM height scale:20 nm. TEM films are J-stained.

as demonstrated above by FTIR (Figure 2). The AFM images of the pores also agree with the AFM measurements. The darkest
in Figure 4a,b show that this leads to a nanoporous film, tintis located at the periphery of the pores, consistent with their
qualitatively similar to that observed in ref 15 using the same being lined with P4VP. It is notable that the matrix area is also
procedure. Since the (solid) PS matrix is not swollen by distinctly gray, indicating the presence of P4VP there as well.
methanol, it maintains the overall structure in place, whereas From the water contact angle measured, which is the same as
the decrease in volume fraction of the PS4¥FDHN phase that for a P4VP homopolymer film (Table 2), it can be
after the removal of DHN and methanol leads to a shrinkage of concluded that the entire surface is covered with P4VP. The
the P4VP chains against the PS phase, thereby producing thdact that the film thickness appears unchanged before and after
P4VP-lined pores. On the surface of the film, these pores areimmersion into methanol indicates that the thickness of the
surrounded by residual “lips” that protrude above the matrix P4VP surface layer is within the uncertainty of the film thickness
level by about 3 nm, which is much less than the protrusion of measurements, that is, of the order of a nanometer or less. This
the original nodules. As shown in Table 1, the nearest-neighbor rearrangement at the film surface could involve primarily the
center-to-center distance of the pores is essentially unchanged®4VP located in the nodular protrusions above the matrix in
from that measured for the nodules before methanol rinsing. the parent film, thus accounting for the drastic reduction in the
The average diameter measured for the pores is roughly two-height of the “lips” after the methanol rinse. It is noted that
thirds of that measured for the nodules, which is fairly close to surface rearrangement (also called reconstruction) of polymer
what would be expected from the elimination of DHN (con- films in response to environmental change is a well-known
sidering the respective molar volumes of DHN and VP). The phenomenof?%2.36-38
film thickness at the matrix level appears unchanged compared The schematic representations shown in Figure 5 summarize
to the film before methanol rinsing. Interestingly, the depth the overall picture obtained for the dip-coated film of PS4VP
measured by AFM for the pores suggests that they penetratet DHN (1:1) before and after the methanol rinse. What is not
the film thickness fully or almost fully. This point will be  shown is the likelihood that there is a very thin P4VP layer
returned to in the last section. wetting the entire film-substrate interface as wéH This will

The TEM images (Figure 4c,d), which show light dots be addressed in the last section.
distributed in a darker matrix, corroborate the porous nature of  Film Morphology of PS4VP without DHN. For comparison,
the film; the light dots in TEM are indicative of little or no  the morphology of PS4VP thin films without DHN was also
(stained) material and correspond to the dark dots in AFM investigated. An AFM height image of the PS4VP film dip-
indicative of pores. The lightness of the dots is consistent with coated on a silicon substrate finca 1 wt % THFsolutior?® is
the pores penetrating the film deeply, in agreement with the illustrated in Figure 6a. It shows a pattern similar to that obtained
AFM data. The average diameter and center-to-center distancewith DHN present, namely, nodules (presumably of P4VP) E\Btv
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P4AVP+DHN  pg Substrate PS
P4VP

Figure 5. Schematic representations of the nanostructured PS4BPIN (1:1) film (a) as deposited and (b) after immersion in MeOH to eliminate
DHN. All data are in nm. For clarity, the nanostructures have been laterally aerated. The PS covering the nodules in (a), the ultrathin layer of P4VP
covering the PS matrix in (b), and an ultrathin P4VP wetting layer at the interface with the substrate are not shown.

. 1 ] " * y o >y -l

Figure 6. AFM height images (a, b) and TEM image (c) of a PS4VP thin film dip-coated on silicon &d wt %solution before (a) and after
(b, c) immersion in methanol. AFM height scale=00 nm.

are arranged in a roughly hexagonal pattern with the same Influence of the DHN:4VP Molar Ratio. Figure 7 shows
average periodicity. As shown in Table 1, the total film thickness the AFM height images of films deposited from solutions of
(almost 20 nm) is the same as obtained for the film with DHN different DHN:4VP ratios before and after DHN removal. The
added; however, the thickness at the matrix level is doubled geometric parameters obtained from these images are sum-
(about 15 nm), with a consequent reduction in the protrusion marized in Table 1.

of the nodules (about 4 nm), for the film without DHN. A At a DHN:4VP ratio of 1:2, the complex is stoichiometric
possible explanation is that the comparative swelling of PS by ith respect to the functional groups (OH:VP). The AFM images
THF in the undried film is greater when DHN is present than for this Composition (Figure Zﬁshow nodules that’ Compared
when it is not, which suggests that hydrogen-bonding complex- to the 1:1 composition, are closer together, are smaller on
ation of P4VP by DHN reduces the solubility of P4VP in THF,  average, have greater size dispersity (with some fused into larger
thus increasing the preference of THF for PS. Such an effect domains), and appear to have greater lateral disorder. After DHN
was also evoked in a note in ref 15b for 1,4-dioxane. removal (Figure 7g, they are replaced by pores, still with
After immersion into methanol, the surface topography is significant lateral disorder and variability in sizes and shapes,
modified, pores replacing the nodules in the same manner asincluding some lateral channels. These observations suggest that
for the films with DHN (Figure 6b). However, this time the more DHN is necessary to obtain well-ordered patterns. Given
pore depth as measured by AFM is only about 4 nm (Table 1). the bifunctionality of DHN, it is possible that this is related, at
The shallowness of the pores is confirmed by the TEM image least in part, to a physical cross-linking phenomenon that is, in
(Figure 6c), where the presence of the black dots (some of whichprinciple, present for DHN:VP molar ratios below 1:1.
appear interconnected) shows that the P4VP domains are still At a molar ratio of 2:1, the DHN molecules are present in
mainly located in nodules within a PS matrix. This indicates excess relative to the pyridine moieties. In deposited films,
that the principal effect of methanol was to spread out the upper excess DHN may hydrogen-bond to DHN molecules that are
part of the P4VP nodules over the PS matrix (supported by the directly hydrogen-bonded to P4VP, but it may also phase-
gray tint in most of the matrix area), leaving shallow depressions separate. The large white areas on parts of the film surface in
above the (partially eroded) nodules. A similar effect was Figure 7h (also observed in TEM) are indicative of some phase
observed for PS4VP copolymer thin films annealed under separation. However, it did not interfere with the block
methanol vapdf or treated with watét and for films of PS- copolymer deposition process, and as shown in Figuge &b
b-PMMA rinsed with PMMA-selective acetic acfdIn the latter regular pore pattern is obtained after DHN removal (the phase-
case, the pores appeared to traverse the film thickness deeplyseparated areas also being removed by methanol rinsing). The
even completely; but this does not occur with the PS4VP films geometric dimensions of the nanostructures are similar to those
exposed to methanol or water (even after long tith&% which obtained with the 1:1 ratio, with a small increase in the average
contrasts with the behavior observed when a P4VP swelling pore diameter and depth and in film thickness. In addition, no
agent like DHN or HABA is initially present. lips around the pores are visible; instead, the pores seegb\(}
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Figure 7. AFM height images of PS4VR DHN thin films dip-coated on silicon, as deposited (subscript 1) and after DHN removal (subscript 2).
DHN:4VP molar ratios: (a) 1:2, (b) 2:1, (c) 4:1. AFM height scale-2D nm.

pierce a fairly homogeneous surface. Contact angle measureP4VP phase appears to be strongly concentrated around the
ments are the same as obtained for the 1:1 ratio. These resultpores. The uneven gray-to-whitish color of the matrix suggests
suggest that, despite phase separation of a fraction of the DHN that the surface may not be completely covered by a P4VP layer.
a somewhat greater than stoichiometric amount of DHN was This is supported by the water contact angle measured for this
incorporated into the P4VP phase and had some influence onsurface (near 70 Table 2), indicating that a fraction of the PS
the structural parameters. remains exposed. The pore diameter is much greater than for

Much greater effects were obtained with the 4:1 molar ratio the 1:1 molar ratio, as would be expected from the elimination
(Figure 7c and Table 1). In this case, we were able to obtain Of & much greater amount of DHN, and the pore depth appears
deposited films showing no DHN phase separation on the to match the film thickness, suggesting complete or almost
surface. This implies that it is possible to incorporate a large complete penetration of the film (despite its much greater
excess of DHN in the P4VP phase (although, again, it cannot thickness compared to the lower molar ratios). Surprisingly, the
be affirmed that the molar ratio in the deposited film is actually average pore diameter appears to be essentially the same as the
4:1). Despite the still greater increase in weight fraction of the average nodule diameter before DHN removal (and the latter
P4VP+ DHN phase (up to 75% if all the DHN is incorporated), is the same as that for the 1:1 molar ratio), an observation which
TEM imaging shows that the morphology of the deposited film is not understood at this time.
remains in the form of P4VR- DHN nodules in a PS matrix. It may be added that attempts to prepare similar films using
The periodicity of the nodules is significantly greater than for an 8:1 DHN/4VP ratio were unsuccessful. In this case, phase-
the other compositions, at about-780 nm (see Table 1). The separated DHN appeared to interfere with the deposition process,
film thickness at the matrix level is approximately doubled and ordered nanostructures were not obtained.
compared to the 1:1 and 2:1 ratios; however, the protrusion of Evaluation of Pore Penetration of the Film Using Cyclic
the nodules is less, such that the total film thickness (at the Voltammetry. When comparing films thicknesses measured
nodule tops) is only moderately increased. The notable increaseusing the scalpel technique and pores depths measured by AFM,
in the film thickness at the PS level with increase in DHN:4VP the uncertainties in the measurements are too large to conclude
molar ratio above 1:1 suggests that the preference of THF for definitively whether the pores penetrate the film completely.
the PS phase is reduced by DHN in excess. Combining this In this context, one is reminded that successful electrochemical
with what was noted above for the 1:1 ratio and the copolymer growth of nickel in the pores of a similar nanoporous membrane
with no DHN added, it appears that, whereas complexation of was reported in ref 15a, whereas X-ray reflectivity analysis
the P4VP block by DHN reduces the relative solubility of this indicated that a layer of ca. 1.5 nm of P4VP remains at the
block in THF, an excess of DHN beyond equimolar reverses bottom of the pore&:® These two facts might seem contradic-
this trend. An analogous effect is observed in aqueous solutionstory. To help clarify this aspect, we performed electrochemical
of polyelectrolytes with oppositely charged surfactants, where experiments.
there is precipitation in the vicinity of stoichiometric composi- Films were deposited on a gold substrate, and the electroac-
tions and resolubilization occurs as excess surfactant is &dded. tivity of ferri/ferrocyanide salts (Fe(Chy/Fe(CN)*") was

After DHN removal, AFM images (Figure Fcshow the probed using cyclic voltammetry. Figure 9 shows the oxidation/
porelike surface morphology, which, by the absence of distinct reduction peaks of the ferri/ferrocyanide on contact with the
lips around the pores, is similar to that for the 2:1 ratio. The gold electrode before and after film deposition and after
corresponding TEM images (Figure 8) are particularly impres- immersion into methanol. The shape of the peaks on a bare
sive. The white pores (indicating very little or no stained gold surface is well-known. The intensity of the signal is
material) are very well-defined and are clearly delimited by a proportional to the quantity of molecules that undergo oxidation/
dark ring (indicating the location of stained P4VP). Thus, the reduction, and the difference between the peak potentia&slji@
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Figure 8. TEM images of the #stained nanoporous film obtained by immersion of the dip-coated PSAZ®N thin film (DHN:4VP molar
ratio 4:1) in methanol to remove DHN.
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Figure 9. Cyclic voltammograms of Fe(Ch¥/Fe(CN)*~ on gold
substrates (1) before and (2) after coating with a PS4VIPHN thin
film and (3) after removal of DHN by immersion in methanol. DHN:
4VP molar ratios: (a) 1:1,

E (V vs Ag/AgCl)

(b) 2:1, (c) 4:1.

ferrocyanide molecules from reaching the gold surface as well
as an electrical barrier that prevents electrons from passing
through.

After immersion of the film into methanol and consequent
pore formation, the electrochemical behavior depends on the
DHN:4VP ratio. For a 1:1 ratio (Figure 9a), the signal is just
slightly increased, revealing that the film stills acts as a barrier.
This indicates that the pores observed by AFM do not actually
reach the substrate. For a 2:1 ratio (Figure 9b), the intensity is
increased a little, but the signal is still very weak compared to
the gold surface. For a 4:1 ratio, however, significant electro-
chemical activity is observed, indicating that many ferri/
ferrocyanide molecules are able to undergo oxidation/reduction
reactions (Figure 9c). It should be noted that the intensity of
the signal cannot reach the values observed with the bare
electrode because a film is still present at the surface so that
only a fraction of the total gold area is available for reaction.

Although electrochemical activity on the porous 4:1 film is
clearly present, it can also be observed (Figure 9c) that the
potential difference between the oxidation and reduction peaks
after pore formation is greater than that on the bare gold surface.
This implies that the electrochemical process must overcome
an ohmic barrier (the oxidation occurs at a higher potential and
the reduction at a more reductive potential). This phenomenon
can be caused by two processes: a limitation due to the diffusion
of the electroactive species into the pores of the film or the
presence of an ultrathin layer of copolymer at the bottom of
the pores through which electrons can migrate by a tunneling
process4~46 Since the copolymer blocks are largely composed
of aromatic rings, the tunneling of electrons through the
mr-orbitals should be possible if the thickness does not exceed
a few nanometers.

The first process (a limitation due to diffusion) was tested
by a kinetic experiment. To this end, cyclic voltammograms
were taken at various scan rates (Figure 10), and the peak
intensities were plotted as a function of the square root of the
scan rate (inset of Figure 10). A normal linear relationship is
obtained for the latter, which shows that the electrochemical

related to the kinetics of the electrochemical process. After film process is limited only by the usual diffusion of the electroactive
deposition, the electrochemical signal almost disappears, inde-species in solution in the proximity of the electrddeThis
pendently of the DHN:4VP ratio. This indicates that the excludes a limitation due to a slower diffusion of the molecules

copolymer film acts as a physical barrier that prevents the ferri/ into the pores.

CbhV
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the HABA can be washed out with a selective solvent, leaving
a nanoporous material in the case of the film with the vertical
cylindrical morphology. The vertical cylinders and pores are
ordered in a quasi-hexagonal pattern. In the present contribution,
it is shown that a much higher molar mass and less asymmetric

0.4+

0.2

0.0
< g:g PS4VP block copolymer (about 100 000 g/mol and 30 wt %
E 024 2 035 VP) similarly leads to a quasi-hexagonal nodular morphology
- E ox0 of enriched P4VP in a PS matrix, this time using a ditopic
0.4 jgig molecule (DHN) with a single type of hydrogen-bonding
015 function (hydroxyl). This was obtained in THF (tested also with

064 AN A other PS4VP compositions), a solvent that, for the system of
02 00 02 o024 o6 os 10 Star_nm and col!eagues, r_esulted in a mixed mqrp_hology of
vertical and horizontal cylinders. This seems to indicate that

E (V vs Ag/AgCl) the choice of small molecule, in addition to the solvent, is an

Figure 10. Cyclic voltammograms at different scan rates (5, 10, 20, important factor in determining the morphology of the deposited
and 100 mV/s) of Fe(CNj /Fe(CN)}* on gold substrates after coating  fijm.

with a PS4VP+ DHN thin film and subsequent removal of DHN with . . . .
methanol (DHN:4VP molar ratio 4:1). The inset shows the linear 10 rationalize the nodular morphology obtained in the PS4VP

relationship between the peak intensity.{y and the square root of ~ + DHN system (which, given its composition, is expected to
the scan ratez. give a lamellar morphology in the butkn contrast to the more
asymmetric PS4VR- HABA system of Stamm and colleagues,
The presence of an ultrathin copolymer layer at the bottom Which was determined to give a cylindrical morphology in the
of the pores, presumably of polar P4VP that wets the polar Pulk), as well as the trends in some geometric parameters of
substrate, is thus the more probable explanation for the slowingthe deposited films as a function of DHN content (including
down of electrochemical process. In this case, a tunneling "0 DHN), the preferential solubility of PS over P4VP in THF
process must occur to permit electrochemical activity. The Was considered. Preferential solubility can lead to greater
credibility of this hypothesis was tested by using the electro- Swelling of the PS phase, such that cylindrical or even spherical
chemical data to estimate the thickness of polymer film traversed morphology is preferred in the undried film deposited, which
by the electrons according to the kinetics of electron tunneling. IS then frozen in on drying. This is supported by the fact that

This is described by the following equation the P4VP+ DHN nodules protrude above the matrix phase and
by similar phenomena for other systems reported in the literature
@ = P P (1) (see above). From this point of view, the trends in the nodule
pp

matrix height difference and in the film thickness at the matrix
level as a function of 4VP:DHN molar ratio suggest that the

heterogeneous rate constant on the free surfatte tunneling greatest difference_ in the solubilities of_the two blocks in THF
parameter, andd the tunneling distance (i.e., the layer oceurs for the §qU|molar 4VP:DHN _ratlo. o

thickness)#46 The rate constants were calculated from the ~ After extraction of the DHN by immersion in methanol,
potential difference between the anodic and cathodic peaks innanoporous films are obtained just as for the system of Stamm
Figure 9c following Nicholson’s methd#and are 0.008 and  and colleagues. In addition, we show that the diameter and depth
0.1 cmis for the covered and free surface, respectively. The termOf penetration of the pores can be strongly influenced by the
$ depends on the tunneling mechanism and hence on the naturéHN content. This was particularly evident by comparing the
of the layer and has been estimated to be between 1 and® nm films obtained from solutions containing no DHN, equimolar
for unsaturated polyene layets:46 Using these values in eq 1, DHN, and 4< equimolar DHN. With no DHN present, the pores
the copolymer present at the bottom of the pores is estimated@e shallow, whereas they appear to penetrate the film deeply
to be between 1.3 and 2.5 nm. This estimation is in excellent When DHN is used, according to AFM and TEM images. On
agreement with the thickness of the wetting layer determined the other hand, cyclic voltammetry measurements showed that
by Tokarev et al. from X-ray reflectivity (1.5 nnij® thus ~ ©nly the nanoporous film formed from the<4equimolar DHN
supporting the tunneling mechanism. This mechanism also Solution (the highest composition for which good films were
explains why it is possible to electrochemically grow nickel in ©btained) gives a strong electrochemical signal. Furthermore,
the pores despite the presence of the wetting layer at thethis quite simple technique allowed an estimation to be made

where kgpp is the apparent heterogeneous rate conskdrihe

substrate, as observed in ref 15. of thickness of the wetting layer remaining at the bottom of the
pores (ca. 2 nm), which agrees very well with what was
Conclusions determined by Stamm and colleagues using X-ray reflectivity.

Since this estimation is based on a tunneling process, it

approach introduced by Stamm and colleagues for fabricating simultgneously rationalizes the ability to electrochemically grow
nanopatterned and nanoporous diblock films on surfaces, usingmetal in the pores.

low molar mass molecules that specifically associate with one  Finally, water contact angle measurements were useful in
of the blocks!® They illustrated this approach using a fairly ~determining the nature of the surface of the films before and
low molar mass asymmetric PS4VP diblock copolymer (about after methanol rinsing. Thus, a set of quite easily available
40000 g/mol and 10% VP) and a ditopic small molecule techniques allowed us to obtain a good overall picture of the
(HABA) that hydrogen bonds to the VP through either the System under study.

hydroxyl or carboxylic acid group of HABA, resulting in a
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