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The formation, degree of crystallinity, and adherence of dense titania)(Th@® film coatings on a
high-temperature polyimide resin (PMR-15) can be influenced by the chemical composition of the polymer
surface. Furthermore, solution deposition conditions can be adjusted to provide additional control over
the morphology and crystallinity of the titania films. Recipes for solution-based titania deposition that
used a slowly hydrolyzing titanium fluoride salt in the presence of boric acid as a fluoride scavenger
allowed growth of films up to 750 nm thick in 22 h. By adjusting solution pH and temperature, either
amorphous titania or oriented crystalline anatase films could be formed. Surface sulfonate groups enhance
the adhesion of solution-deposited oxide thin film coatings. While most sulfonation procedures severely
damaged the PMR-15 surface, the use of chlorosulfonic acid followed by hydrolysis of the installed
chlorosulfonyl groups provided effective surface sulfonation without significant surface damage. In some
cases, the oxide deposition solution caused partial hydrolysis of the polymer surface, which itself was
sufficient to allow adhesion of the titania film through chelation of titanium ions by exposed benzoic
acid groups on the polymer surface.

Introduction A promising approach to improve PMC performance is

High-performance polymers and polymenatrix com- the use of inorganic barrier coatings which physically block
posites (PMCs) are finding increasing use in demanding the interaction of oxygen and oxy_—radicals with t_he polymer
applications, in part as metal replacements. Polyimide-based surface. The effectiveness and life of the coatings depend

PMCs (typically with graphite fiber reinforcement) are thus ©On the inherent properties of the coating material (thermal
far the most promising candidates. In general, the thermal- Stability, compactness, and uniformity) as well as the
oxidative stability (TOS) of the resin limits the high- Interaction between thg coating and the PMC. Hard-coated
temperature performance of the PMC. Good polymers for PMCs can also show improved abrasion resistarice.
high-temperature applications, combining TOS, process- Progressin the deposition Qf ceramic thlln.fllms has been
ibility, and good mechanical properties, are PMR (polym- _made_possmle_by advances |n_f!lm deposm_on technology,
erization of monomer reactant) polyimid&s. PMCs are mvolvmg chemical vapor deposition, sputtering, laser abla-
attractive materials for various structural applications becausefion, and evaporatioh.However, these techniques have
of their high strength-to-weight ratio. Unfortunately, PMCs Significant shortcomings. Capital equipment cost can be
are limited to applications which avoid prolonged exposure Prohibitively high, especially for large-area applications, and
to oxidizing atmospheres at temperature800°C because c_onsnderable artis gssomated.wnh the de3|gn of the deposi-
surface oxidation leads to weight loss and degradation of ion systems and with controlling the operating parameters.
mechanical properties. The most common techniques still involve line-of-sight
deposition, making them applicable only to simple surfaces
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also undergone extensive development in the past 3 decadesscheme 1. Preparation and Structure of PMR-15 Polyimide
are typically subject to similar high-temperature require- Resin

ments. These significantly limit existing film-synthesis o 2 o °
technologies for many metal and polymeric substrétes. HZ@C”z@"”Z * CH':‘;?,EHG * gX:l:;gﬁH’

Liquid-phase deposition (LPD) is an aqueous technique o o o
for deposition of oxide films that has been widely used for ~ "PA(3.084eq) BTDAE (2.084 q) NE(2 eq.)
S|I|_calo but is belng mcreasmgly u_sed to f_orm films of qther ¢ 200250 °C
oxides such as titanid. 16 The distinguishing characteristic
of LPD is the use of a solution of metafluoride complexes R Q i 0 ]
whose hydrolysis in water is modulated by adding boric acid Q\C" 9 Hzgunbcnz@nﬂ
(H3BOs) or aluminum metal. The fluoride ligand provides ‘o ¢ ‘o 5 obt o
for a slower and more controllable hydrolysis, while the boric )
acid or the aluminum function as Fscavenger$’ Most of
the LPD work has been done on silanol-bearing surfaces
(silicon wafers and glass).

LPD from aqueous solution, under mild conditions of
temperature£55°C) and pH (2.88-3.88), can produce thin
(0.1-1.0um), adherent, titania films. We have studied LPD
titania films deposited on silicon wafers and on variously
sulfonated surface$. The growth rate and crystallinity of
these films could be controlled by careful manipulation of
solution parameters and surface functionality of the substrate.
For example, room-temperature depositfoftom 0.3 M Fully cross-linked PMR-15
HsBO; and 0.1 M (NH),TiFs with an initial pH of 3.88
(method 1) gave amorphous films that adhered well to silicon ings which after heat treatment at 60C were 200 nm
wafers but not to sulfonated surfaces. Alternatively, deposi- thick.?2
tion* at 50 °C from a solution of 0.15 M EBO; and Herein we further explore the influence of polymer surface
0.05 M (NH,).TiFs, at an initial pH of 2.88 (method 2) chemistry on LPD film deposition. Polymer substrates
produced oriented anatase films at a faster growth rate butprovide an organic matrix, and our surface chemistry will
with poor adherence to silicon substrates and excellentattach directly to the polymer backbone. The polymer
adherence to sulfonated surfaces. substrate chosen for this work is PMR-15, a cross-linked

Applying LPD to polymer substrates, Dutschke et polyimide based on the condensation of three monomer
deposited titania via LPD (method 2) on variously treated reactants: 2-carbomethoxy-3-carboxy-5-norbornene (the mono-
polystyrene (PS). Continuous, adherent anatase films formmethyl ester of nadic diacid, NE, nadic-end-capped),
on PS either after hydroxylation in aqueous sodium peroxo- 4,4-methylenedianiline (MDA), and the diacid diester of
disulfate or after surface grafting with 2-(acrylamido)-2- benzophenone-3,4,8-tetracarboxylic 3,4:3'-dianhydride
methylpropane-1-sulfonic acid (AMPS). Nonadherent but (BTDA). These components and an idealized picture of their
continuous films deposit on untreated PS under identical oligomer formation (other dimeric and oligomeric structures
conditions. Continuous films are not observed on polystyrene likely exist as well) are shown in Scheme?1.
etched by sulfuric acid or SOgas. On polyamide micro- PMR-15 surfaces were initially treated using various
capsules, LPD (method 2) yielded continuous anatase coat-sulfonation procedures, after which titania films were
deposited using the two LPD recipes described above. For

Imidized oligomer
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Table 1. Film Thickness Obtained by LPD Method 2 (0.15 M Boric Acid, 0.05 M (NH).TiFs, pH Adjusted to 2.88, 50°C) on Variously Treated
PMR-15 Substrates, As Determined Using RBS Calibrated against Cross-Sectional TEM

4 h deposition 22 h deposition
surface type thicknesk roughness (nm) composition thicknessoughness (nm) composition
untreated PMR-15 236 300 Ti, O (2.0), F (0.4) 526 200 Ti, O (2.5)
untreated PMR-15 (duplicate run) 630+ 300 Ti, O (3.0)
chlorosulfonic acid treated 236400 Ti, O (2.0), F (0.4) 666 300 Ti, O (2.9)
chlorosulfonic acid treated (duplicate run) 68B00 Ti, O (3.0)

aValues for “thicknesst roughness” of, e.g., 23& 300 nm indicates a film that was at least 230 nm thick but whose point-to-point thickness variation
can be 300 nm large.

analyses were done on a Kratos AXIS-HX spectrometer with a preparing GISi—(CH,);;—O—Ph—COOCH; and depositing it on
monochromatic Al X-ray source, at 75 W. Due to the nonconducting clean silicon wafers. In-situ conversion of the methyl ester to the
nature of the samples, an electron flood gun was used for chargefree acid used Aj?527 The free benzoic acid monolayer data are
neutralization. All spectra were calibrated versus G=1286.6 eV as follows: contact angles, S@&dvancing and 43receding; IR
(for the main peak). Energy-dispersive X-ray analyses (EDAX) were data (ATR) CHantisym= 2923 cnt?, CHysym = 2852 cn1t, C=0
recorded on a JEOL JSM-B40 microscope. EDAX data acquisition = 1686 cnr?! (protonated), &0 = 1536 cnt! (nonprotonated).
and analysis were performed using Link ISIS (Oxford) software.
Grazing incidence X-ray diffraction (XRD) analysis at 0.5 arfid 1
incidence was done on a SCINTAG Xl advanced diffraction system
composed of a 40 kV ultrastable generator, a 1.8 kW X-ray tube
(Cu target), and &—0 wide angle goniometer. The system is also
equipped with a thin-film grazing-angle collimation attachment. A
Bruker D8 ADVANCE X-ray diffractometer in grazing-angle mode
equipped with a GBEL mirror was also used. A Philips CM-20 o )
analytical transmission electron microscope (TEM) equipped with ~ D- Surface Activation of the PMR-15. (D.1) Sulfonation by
a high-purity intrinsic Ge Noran EDAX detector and a JEOL Oleum.PMR-15 coupons were dipped into oleum solution (fuming
4000-EX high-resolution electron microscope operating at 400 keV Sulfuric acid) for times up to 30 min. The samples were then rinsed
were used for TEM analysis. Cross-sectional thin foils for TEM with water until the wash water was neutral. Samples were stored
analysis were made by cutting the polyimide substrates bearing theunder distilled water until use.
titania films in half and gluing the titania-coated faces together using  (D.2) Sulfonation by S§Gas.PMR-15 coupons were held (using
epoxy resin. The thickness of the specimens was reduced to lessTeflon tweezers) for 45120 s over an open bottle of oleum into
than 254m by hand-polishing. The samples were then mounted which there was a slow bleed of dry nitrogen to increase the out-
on a 3 mmcopper grid and further thinned via conventional ion-  flow of SO; gas. The sample was then washed and stored as above.
thinning using aGaFan PIPS ion thlnner._Tape tests for film adhesion (D.3) Sulfonation by Chiorosulfonic Acfd.PMR-15 coupons
were performed using carbon tape, which was analyzed by EDAX were immersed for 3660 s into a freshly prepared solution of
before and a.fter the tGSIj ) ) i 30% chlorosulfonic acid in concentrated sulfuric acid. They were
The chemical compositions and thicknesses of the films were \j s \with water and then soaked in water for 48 h to ensure full
measured using Rutherford backscattering spectroscopy (RBS) withy,qq1ysis of the sulfony! chioride to sulfonic acid. The sample
2 MeV a particles from an NEC 5SDH ion beam acc_e_lerator. The was then washed and stored as above. Note: All three of the above
backscattered particle spectra were detected with a silicon ;urface sulfonation methods gave PMR coupons that were completely
barrier detector and analyzed with RUMP software. Thickness wetted by water, though water uptake into the polymer was not

values ot?talnecir:_rolin RBS analysis Wezje ce_lllbrated as fotl_lowsl'_'r:é’lz/lquantified. EDAX measurements were used to determine the level
one specimen, thickness was measured using cross-sectiona ot incorporated sulfur.

(See Results.) This value of thickness was used as input in the RBS o - ) )
analysis of that specimen to obtain values for atomic density of Ti  E- Titania Deposition Procedures. (E.1) LPD Using Tk
and O. These values were then used as input in RBS analysis of(Method 1):* The procedure involves immersing a sample (verti-
all other specimens to obtain values of film thickness. Film cally) into 0.3 M HBOs and 0.1 M (NH).TiFe solution kept at
roughness was estimated from the RBS data as described previf00m temperature. Substrates were left in the solution fo48th,
ouslyl8 The results are presented (Table 1) as [thickness] after which they were washed with water and blown dry with
[roughness] in nanometers. In the cases where titania films were filtered nitrogen.
deposited on surface-modified silicon wafers, oxide thickness was (E.2) LPD Using Tik with Added HCI* (Method 2). The
measured by ellipsometry as previously descrifed. procedure involves immersing (vertically) a sample (either a silicon
C. Substrate Preparation.Silicon wafer substrates with sulfonic ~ wafer or PMR-15 resin) into a 0.15 MzBO; and 0.05 M (NH).-
and benzoic acid self-assembled monolayers (SAMs) on silicon TiFg solution. HCI was added to adjust the pH to 2.88, and the
wafers were used as models for the work on polyimides. The solution was kept at 50C. Substrates were left in the solution for
sulfonic acid SAMs were prepared and characterized as previously4—22 h, after which they were washed with water and blown dry
described Details on the preparation and characterization of the with filtered nitrogen.
benzoic acid SAM are reported elsewhéré® They involve

PMR-15 resin coupons were prepared by published proceéfures.
They were cut to the desired size and polished using @195
aluminum oxide powder (BDH). They were then washed and
sonicated twice in water, rinsed with ethanol, and dried under a
filtered nitrogen flow. PMR-15 samples for XPS were gently
abraded with the edge of a glass microscope slide to remove the
upper layers.

(27) Mahajan, A. R.; Dutta, P. K.; Boruah, R. C.; Sandhu, Je®ahedron

(24) Collins, R. J.; Sukenik, C. N.angmuir1995 11, 2322-2324. Lett. 199Q 31, 3943-3944.
(25) Gershevitz, O. Ph.D. Thesis, Bar-llan University, Ramat-Gan, Israel, (28) Meador, M. A. B.; Johnston, J. C.; Cavano, P. J.; Frimer, A. A.
2005. Macromoleculesl 997 30, 3215-3223.

(26) Gershevitz, O.; Sukenik, C. N. Am. Chem. SoQ004 126, 482— (29) Rajagopalan, P.; McCarthy, T.Nlacromolecules998 31, 4791~
483. 4797.
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Results a)

A. Surface Activation of the PMR-15. Previous work
using SAM templaté§3°-32 suggested that sulfonate groups
can be effective in initiating and sustaining the growth of
an oxide thin film. Working on a polymeric substrate, we
wanted to use sulfonation chemistry that would work directly
on the surface of the polymer. We surmised that since the
aromatic rings of MDA (Scheme 1) and the imides it
produces are activated toward electrophilic aromatic substitu-
tion, we could use them to attach sulfonate groups directly
onto the surface.

We sought a sulfonation method that would be convenient
and provide maximum surface sulfonation with minimum b
surface damage. We investigated three approaches: (1) )
dipping the polymer into oleum for times up to 30 min; (2)
exposing the polymer to the 3@as evolved from oleum
for times up to 2 min; and (3) dipping the polymer into a
mixture of sulfuric and chlorosulfonic acid for times up to
1 min to obtain sulfonyl chloride groups which are then
hydrolyzed in water. A combination of scanning electron
microscopy (SEM; Figure 1) and EDAX analysis allowed
us to assess sulfur incorporation and surface damage. The
relative amounts of sulfonation in these three methods were
determined by EDAX to be approximately 600:3:1, respec-
tively.

These results showed that while immersion in liquid oleum
provided the most extensive sulfonation, it is also the most €
destructive method (Figure 1a). Varying the exposure time
and sulfuric acid concentration showed the expected variation
in degree of sulfonation. The rate of sulfonation seemed to
vary with the degree of water absorbed into/onto the
PMR-15 sample. Samples that had been predipped in water
were much more extensively sulfonated, with correspond-
ingly increased damage to the surface. This is likely due to
acid-catalyzed hydrolysis of the imide bonds in the polymer
when the moist samples were exposed to sulfonation condi-
tions. In summary, we could not identify conditions that used
oleum and that yielded substantial sulfur incorporation

without a great deal of surface damage, as was reported for_ TR ' N
Figure 1. SEM micrographs of variously sulfonated PMR-15: (a) PMR-

1
polystyrene? 15 treated with oleum; (b) PMR-15 treated with S@pors; (c) PMR-15
A slightly milder approach used a 2-min exposure of the treated with CISGH/H2SQy.

PMR-15 to SQ vapors coming out of liquid oleum. This ) » )
gave effective sulfonation but was also accompanied by SuPsequent Ti© deposition. While future work on the

substantial surface degradation (Figure 1b), again, as withfoPustness and thermal cycling of the coated PMR-15 will
polystyrene! The most successful sulfonation result was have to address this question, the present study focused on

obtained by dipping the PMR-15 into a mixture of chloro- understanding the surface chemistry and the, Ti€position

sulfonic acid and sulfuric acid (30:70) for 0.5 min and then @nd did not explore the extent or consequences of water
soaking the sample in water for 48 h to fully hydrolyze the 2Psorption.

surface sulfonyl chioride groups. This approach gave sub- B- Titania Deposition. (B.1) Method 1.Given their
stantial sulfonation without significant surface damage '€latively low acidity and low temperature, LPD methods
(Figure 1c). are ideally suited to polymer substrates. We applied method

It is likely that the PMR-15 absorbs significant amounts ;éIOSHaiaiﬁi; ;ngefﬁgirt?ltgrgt)eggslijtg?jctti?/aar:;dvral\ggblihw
f water during both th [fonati d d the . B
of water during bo © sutionation procedures an © thick after 24 h and a 450 nm film was deposited in 48 h.
Variability in the onset time for film formation may account

(30) Agarwal, M.; De Guire, M. R.; Heuer, A. H. Am. Ceram. S0d.997,

80, 2967-2981. for the seemingly slower initial growth. We note that titania
(31) ?faégfl’ggé; De Guire, M. R.; Heuer, A. Hhppl. Phys. Lett1997 growth by this method on clean silicon wafers, for ap-

(32) Caollins, R. J.; Shin, H.; De Guire, M. R.; Heuer, A. H.; Sukenik, C. proximately the_se same time intervals, gave 250 and
N. Appl. Phys. Lett1996 69, 860-862. 450 nm, respectively. All samples were amorphous, as had
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a)

300 nm

Figure 2. TEM of method 2 LPD TiQ on chlorosulfonic acid-treated
PMR-15: (a) cross-sectional view of the substrate and the titania layer;
(b) HRTEM of the titania shown in a.

Energy (MeV)
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Normalized Yield

T T
400 600

Channel
Figure 3. RBS analysis of the Ti@coated PMR-15 specimen shown in
Figure 2.The film is measured to be 750 nm thick, with an O/Ti ratio of
3.6:1 and a film density of 0.6 E23 atomsf&m

T
200 80C

been previously reported for this method on variously treated
silicon waferst® An adherent, amorphous, titania film
(420 nm thick in 48 h) also formed on a PMR-15 surface
that had been sulfonated by exposure tg §&s. Formation

of such a film at a sulfonated surface is in contrast to our
previous work, where method 1 did not form a stable titania
film on sulfonated silicon wafers. A possible explanation for
this contrast will be considered in the discussion section
below.

(B.2) Method 2Method 2 (pH 2.8; 50°C) was used to
deposit (22 h) TiQ on chlorosulfonic acid-activated
PMR-15. It yielded a film that was 750 nm thick in TEM
(Figure 2). The rings in the electron diffraction pattern (inset
with Figure 2a) confirmed that the film was polycrystalline
anatase with some degree of texture, consistent with XRD.
The high-resolution image (Figure 2b) indicates that typical
crystals in this region of the film were generally smaller than
10 nm in diameter (consistent with other studies using
method 2'39, but some larger crystals are visible.

Chem. Mater., Vol. 17, No. 12, 208809
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Figure 4. XRD analysis of the specimen of Ti&oated PMR-15 shown
in Figure 2. The reference spectrum for anatase (JCPDS 84-1286) is
indicated at the bottom of the figure.
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of a Ti/O ratio of 1/2 is assumed to be associated with water
in the film.) These values of atomic density were then used
in the RBS thickness calculations, giving calibrated thickness
values for all films reported herein. Using the RUMP
software alone to estimate the thickness of the 750 nm film
from its chemical composition yielded an uncalibrated
thickness value of 950 nm. This magnitude of discrepancy
between the TEM and an uncalibrated RBS thickness
determination is consistent with comparable observations in
SnG; films, which yielded TEM thickness values that were
55—75% of those from uncalibrated RBS measureménts.

XRD analysis (Figure 4) of the sample from Figure 2
showed enhanced intensity of the (004) peak (which normally
has a relative intensity of 20) compared to the (101) and
(200) peaks (the strongest peaks in a random powder pattern,
with relative intensities of 100 and 35, respectively). This
indicated significantc-axis texturing perpendicular to the
substrate. Using the same deposition route, a similar degree
of texturing has been observed in films on variously treated
substrate$®2-33The full widths at half-maximum (fwhm)
of the XRD peaks were used to estimate crystal sizem
the Scherrer formulé®

t=0.91/(b cos0)

where/ is the X-ray wavelength (Cu ¢ 0.154 nm),b is
fwhm (in radians of 2), and@ is the diffraction angle. The
(101), (004), (200), (105), and (213) peaks yielded values
of the crystal size of 6.7, 10, 12, 11, and 10 nm, respectively.
These data suggest that the crystals with tbeixis aligned
normal to the substrate were not appreciably larger than the
unaligned crystallites; i.e., there was no tendency for
columnar growth of these crystals, consistent with the TEM
images (Figure 2). Similar calculations on comparable films
from deposition times of 422 h (below) yielded grain sizes
of 10—14 nm; i.e., there was little dependence of crystal size

The sample of Figure 2 also was used to calibrate the useon growth time.

of RBS to evaluate film thickness. Using the thickness of
750 nm obtained from TEM, RBS analysis (Figure 3) for
the same film yielded values for the atomic density of
1.3 x 10?2 Ti atoms/cni and 4.7 x 10?2 O atoms/crj
compared to 2.8% 10?2 Ti atoms/cmi and 5.79x 10%?
O atoms/crifor fully dense anatase. (The oxygen in excess

(33) Masuda, Y.; Sugiyama, T.; Seo, S.; Koumoto(hem. Mater2003
15, 2469-2476.

Though method 2 had been reported byéu® give
adherent titania films only on sulfonated surfaces, we
compared chlorosulfonic acid-activated PMR-15 to untreated
PMR, side-by-side, in a 22 h deposition. Adherent anatase

(34) Supothina, S.; De Guire, M. R.; Heuer, A. Bl. Am. Ceram. Soc.
2003 86, 2074-2081.

(35) Cullity, B. D. Elements of X-ray Diffractign2nd ed.; Addison-
Wesley: Reading: MA, 1978.
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Figure 6. XRD analysis of titania deposited on silicon wafers coated
with different monolayer-forming silanes: (a) S#0TH,)16SO;~ and

(b) SiCk(CH,)110(p)—benzoic acid. The reference spectrum for anatase
(JCPDS 84-1286) is indicated at the bottom of the figure.

Specifically, imide hydrolysis on the PMR-15 surface can
provide new surface functionality in the form of amides and
carboxylic acids (amic acid).

Since in situ hydrolysis of the PMR-15 imides would lead
to the formation of benzoic acid derivatives, we examined a
model benzoic acid surface.e., a siloxane-anchored SAM
on silicon wafers with benzoic acid groups on the exposed
surface. These samples were immersed for 19 h, alongside
a sulfonic acid SAM on silicon, in method 2 solution. Both
surfaces gave adherent titania films that were stable to
sonication for 20 min. XRD showed that both samples
consisted of oriented anatase (Figure 6). Ellipsometry showed
that the titania deposited on the sulfonate SAM was
somewhat thicker than that on the benzoic acid SAM
(630 nm vs 537 nm). This is consistent with the difference

Figure 5. SEM micrographs of method 2 films deposited 4 h on reported above between sulfonated and nonsulfonated
(a) PMR-15 treated with CIS§PI/H,SOys and (b) untreated PMR-15. The PMR-15

white bar is 2um long in each image.

D. XPS Analysis of the PMR-15 SurfacePolyimides
are known to be sensitive to alkaline hydrolysis, leading to
erosion of the polymer matrix at a rate of 16 nmhn
0.25 M NaOH solutior?® There are comparable data on the
sensitivity of polyimides to acid conditior#$ Although we

b)

films with significant (004) orientation formed on both
coupons, 666690 nm thick on the sulfonated surface and
520-630 nm thick on the untreated substrate (Table 1). In

a similar study using PS substrat@dilms did deposit on find ind d f PMR-15 d dation i id
the polymer with or without grafted sulfonic acid groups on Ind no ndepen ent te;ts 0 o ° egra ation In aci
olution, acid hydrolysis of such imides is reasonable and

the surface, but adherence was adequate only on the treatei - > . ) ;
the conditions of our titania deposition might effect partial

surface. The issue of method 2 providing an adherent film . : i
on a nonsulfonated surface is addressed below. hydrolysis of the PMR-_15 surface. The alkaline _hydronS|s
SEM images of the surface of films deposited on chloro- -Of a number of polyimides has been systema_’ucally stud-
. > . . ied 3839 Plechty and Thomd%used XPS to monitor poly-
sulfonic acid-activated PMR-15 (Figure 5a) and on an imide hydrolysis. Other groups subjected polymers such as

untreated substrate (Figure 5b) showed virtually identical e . -
> ; _ pyromellitic dianhydride oxydianiline (PMDA-ODA} and
features. The films (both 230 nm thick, Table 1) consisted Upilex S243t0 alkaline hydrolysis (0.25 M NaOH, 5 h)

of densely packed particles 60100 nm in diameter). The followed by neutralization with acetic acid (0.1 M for-3

XRD data indicating crystal sizes on the order of 10 nm h) and monitored changes in the C, O, and N XPS spectra.
suggest that the particles seen in Figure 5 are prOl:)ablyThese data provide useful models f(,)r t,he behavior of PMR-
agglomerates of the 10 nm crystals. In addition, a few larger
surface agglomerates up t6500 nm can be seen. A few

cracks~50 nm wide are evident in both films. On silicon 8 f;‘i%ha”s’ L. E.; Myles, A.; Thomas, R.LRngmuir200Q 16, 4706~
substrates, method 2 films 270 nm thick exhibited only closed (37) Savadogo, Q1. New Mater. Electrochem. Sy409§ 1, 47—66.
cracks!8 (38) Thomas, R. R.; Buchwalter, S. L.; Buchwalter, L. P.; Chao, T. H.

. . . . Macromoleculesl992 25, 4559-4568.
C. TiO; on Benzoic/Sulfonic Acid SurfacesThe obser- (39) Thomas, R. RLangmuir1996 12, 5247-5249.
vation that TiQ could deposit at pH 2.88, 5@ (method 2)  (40) gz'ef'“y' M. M.; Thomas, R. R. Electrochem. S0d992 139 810~
directly onto untreated PMR-15 is in contrast to our earlier 41y Haight, R.; White, R. C.: Siverman, B. D.; Ho, P. 5.Vac. Sci.
demonstrations that this method is best suited for sulfonated _ Technol., A1988 6, 2188-2199. _
surfaces. One possibility is that functional groups other than “2) I;;f’éog C. zeng, D. W.; Yue, T. MAppl. Surf. Sci2001, 173

sulfonic acids could promote the growth of oriented anatase. (43) Zeng, D. W.; Yung, K. CAppl. Surf. Sci2001, 180, 280-285.
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Figure 7. Carbon 1s XPS spectra of variously treated samples of PMR-15: (a) untreated PMR-15; (b) PMR-15 after soaking for 50 min in pP{2.88/50
LPD solution; (c) PMR-15 after soaking for 50 min in 0.5 M NaOH solution and then 10 min in 0.5 M acetic acid. The insert is a magnification and curve
resolution of the 287293 eV region of trace c.
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2000 1 Figure 9. Nitrogen 1s XPS spectra of variously treated PMR-15:
(a) untreated PMR-15; (b) PMR-15 after soaking for 50 min in pH 2.88/50
1000 ‘ ‘ ‘ ' ‘ ‘ ' ‘ °C LPD solution; (c) PMR-15 after soaking for 50 min in 0.5 M NaOH
542 540 538 536555 534 532 530 528 solution and then 10 min in 0.5 M acetic acid.
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Figure 8. Oxygen 1s XPS spectra of variously treated PMR-15:

(a) untreated PMR-15; (b) PMR-15 after soaking for 50 min in pH 2.88/50 of two peaks (Figure 7 insert): 288.1 eV (imide carbonyl)
°C LPD solution; (c) PMR-15 after soaking for 50 min in 0.5 M NaOH ; i

solution and then 10 min in 0.5 M acetic acid. The insert shows the range and .289.'0 ev (c'a.rboxyllc'amd (.:arbonyl)' After exposure to
from 535 to 541 nm on an expanded vertical axis. the titania deposition solution (Figure 7, trace b), the carbonyl
peak broadened. There are at least three contributing spe-
. . cies: amide at 287.8 e%?,imide at 288.2 e\*> and acid at

15 and supplement the studies ofthe PMR-15 hydrolysis and289 eV The shake-up peak at 291 eV decreased noticeably

. ; b, 44
its effect on composite propertiés: after hydrolysis by either condition (Figure 7, traces b and
We subjected clean samples of PMR-15t0 0.5 M aqueous: Taple 2).

NaOH for 50 min at room temperature, followed by 0.5M 1, the oxygen 1s spectra (Figure 8 and Table 2), the biggest
acetic acid for 50 min. We also put PMR-15 coupons int0 @ jtference between untreated PMR-15 and the treated
freshly prepared titania deposition solution (method 2) for samples was the diminution of the shake-up peak (537.5 eV)

50 min. Under these conditions, titania precipitation and/or q|ative to the main peak (531.9 eV). These effects on the
surface film growth had not yet begun. Figures&and  .5hon and oxygen spectra were also observed in the

Table 2 summarize the XPS analyses of these experimentshydro|ysiS of PMDA-ODA® and are likely attributable to

In the carbon 1s XPS spectrum, the main peak is at disruption of the conjugated-€N backbone.
284.6 eV. In untreated PMR-15 (Figure 7, trace a) the imide | the nitrogen 1s spectrum, there was a single peak at
carbonyl appeared at 288.2 eV. After alkaline hydrolysis 399 0 eV for untreated PMR-15. Upon alkaline hydrolysis
(Figure 7, trace c) the carbonyl carbon peak can be in termsgr immersion in the titania LPD solution, this peak broadened
and shifted to lower binding energy (Figure 9). This is

(44) shin, E. E.; Roger, J. M.; Zhou, J. Hydrolytic Degradation Mechanism consistent with imide Clea\/age to amide.
and Kinetics of Polyimides for Advanced CompositdSth Interna-
tional SAMPE Symposium/Exhibitioong Beach, CA, 2000;
SAMPE: Covina, CA, 2000; p 389. (45) Pizem, H. Ph.D. Thesis, Bar-llan University, Ramat Gan, Israel, 2003.
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Table 2. XPS Analysis of Imide Stability for Variously Treated PMR-15 Coupons

carbon 1s oxygen 1s
C-Y (Y =H,C,N) (%) X—C=0 (X=N, C, O) (%) shake up (%)total C—O bonds shake up (%)
(284.6 eV) (~288.2-289. 0 eV) (291.0eV) (531.6 eV) (537.7 eV)
bare PMR-15 85.8 10.2 4.0 92.2 7.8
alkaline hydrolysis (50 min in 0.5 M NaOH solution 93.4 6.1 0.5 99.9 0.1
and then 10 min in 0.5 M acetic acid)

0.3 M boric acid (pH= 4.65) 89.9 8.8 1.3 98.3 17
water at pH 2.8, 50C 86.9 11.1 2.0 98 2.0

50 min in LPD method 1 solution 88.8 9.7 1.5 96.1 3.9

50 min in LPD method 2 solution 92.4 7.0 0.6 200 0.0

2Includes traces of FO.

We contrasted these results with the milder LPD route, negativel potentials under the deposition conditions (based
method 1. This showed (Table 2) evidence for a smaller on measurements on sulfonated SAMs on silidén).
amount of hydrolysis based on the smaller reduction of the Using the method 2 solution, Masuda et al. reported good
carbonyl peaks and of the shake-up peaks compared toadhesion and the highest growth rate of LPD titania films
method 2. This suggests that the PMR-15 surface is lesson (positive) amine surfaces, with peak growth rates only
altered by the conditions of method 1. 10—35% lower on other SAM surfaces (methyl phenyl

Two additional control experiments are reported in Table > hydroxyl). As the potential of methyl-terminated SAM
2. In one case, a PMR sample was placed in aqueous HCl aksurfaces is near zero at pH®the electrostatic interaction
50 °C, and in the second case, the PMR was treated withwould be negligible for this substrate, so additional interac-
0.3 M boric acid at room temperature (pH 4.65). These  tions must be considered. The concentration of the LPD
solutions included some of the LPD components, and both solution would give a Debye layer thickness of less than a
showed signs of hydrolysis. It is interesting to note that nanometer. If the range of the van der Waals interaction
although the boric acid solution was less acidic, the hydro- (which is expected to be attractive) between the particles
lysis, based on the XPS data in Table 2, seems to have beemind the substrate is longer than this, it may lead to a
more extensive than in HCI. This suggests that boron-basedsecondary minimum in the net interaction, allowing deposi-

Lewis acids may assist imide hydrolysis. tion of films in the absence of an attractive electrostatic
interaction. A systematic study of the potentials under
Discussion deposition conditions using substrates with both positive and

negativel potentials, combined with film growth rate and
adhesion measurements and atomic force microscopy (AFM)
measurements of partictsubstrate forces, may elucidate the
relative importance of electrostatic, van der Waals, and other
interactions in the deposition of LPD films from particulate
suspensions.

It is clear that titania films can be attached to polyimide
polymers using LPD. XPS data show that the PMR-15
surface after exposure to the deposition solution is not simply
an array of imides but rather that surface hydrolysis liberates
carboxylic acids and amides on the surface. Since sulfonation,
is done under acidic conditions, sulfonated PMR-15 is also
likely to have surface carboxylic acids and amides from imide |t Should also be noted that the success of method 1 on
hydrolysis. Thus, the sulfonated PMR-15 and the PMR-15 sglfonateq PMR-15 reporteq herein is (at f|r§t glance) at odds
that has only been exposed to the LPD solution both have With Previous work®#in which method 1 did not produce

surface acid groups that apparently facilitate titania attach- 2 titania film on a sulfonated SAM or on a sulfonated
ment. The PS substrates used by Dutschke &t2alin polyelectrolyte, each on a silicon wafer. For the deposition
contrast, would not form such groups in the deposition of LPD titania on untreated PMR using either solution, the

solutions used here since no imide hydrolysis is possible. answer may _Iie in the specific interactions of titgnia ;Nith
Correspondingly, the resulting LPD films were adherent only carboxylic acids. In the early 1990s O’'Regan andt@st

after separate treatments that activated the PS surface.  developed a solar cell which contained a dye that was
Under the deposition conditions used here, titania nano- attached to Ti@ nanoparticles via a benzoic acid moiety.

particles are present in the solutions. This allows for the This strong chemisorption of benzoic acid to Fifed to a

possibility of film formation either by attachment of such series of papers dealing with the interaction of various

i i 16)}8,49 i 0 i
particles or by heterogeneous nucleation on the substrate.carboxyIIC acids and Tief*Weisz et af found a linear

Although electrostatic interactions have been invoked to correlation between theg of the acid and the chemisorption

account for oxide film depositions on functionalized surfaces, stability constantK,). For example, oxalic acid withia

the present results and those of other groups indicate thatllo'SSKh as_log% :Bglr?z’givchlfcijcevt\l/ﬁha%d Vl'th;pza 4H;§ r:g;
L — o N a — .

more detailed considerations may be needed. Masud&t al.
reported that the titania particles that form in a solution

imi i i i (46) Shyue, J.-J.; De Guire, M. R.; Nakanishi, T.; Masuda, Y.; Koumoto,
similar to those usgd here have a sllg_htly rilegafgme_tentlal K. Sukenik. C. N.Langmuir 2004 20, 8693- 8698,
at the pH of deposition{14 mV at pH= 2.8; approximately  (47) o'Regan, B.; Giel, M. Nature 1991 353 737—740.

—20 mV at pH= 3.8). This would result in an electrostatic (48) Tunesi, S.; Anderson, M. A.angmuir1992 8, 487—495.

P . 49) Hug, S. J.; Sulzberger, Rangmuir1994 10, 3587-3597.
repulsion with the sulfonated surfaces used here and bygsog We?SZ’ N D.;Regazgzoni,A. g.;BIesa,M.Solid State 10NICR00L

Dutschke et al?® which are expected to have substantial 143 125-130.
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Q layer was found to accelerate subsequent deposition of
COOH OH anatase from method 2 solutions compared to phenyl, methyl,
@ amine, and hydroxyl surfacé%.
(C—NH, ﬁ_NH© Conclusion
0 0 . .
phihalamic acid phihalanilinic acid This study sought ways to form an adherent Fiin on

PMR-15. The sulfonate group is known to promote oxide
film growth, and several direct PMR-15 sulfonation methods
gave sufficient sulfonate groups on the surface to be detected
by EDAX. The least destructive method that still gave
KL = 3.4. Even nicotinic acid (. 2.03) interacts strongly  sufficient amounts of sulfonate group on the surface was
with TiO, (log K. = 7.8), although there is electrostatic ysing a mixture of chlorosulfonic acid and sulfuric acid. Two
repulsion between these two positively charged species. TheLpp solutions were tested, and both produced adherent
explanation suggested by Weisz is that the pyridine nitrogen titania films on the PMR-15 surface. Method 1 gave a
in fact strengthens the chemisorption by hydrogen bonding 450 nm amorphous TiOfilm after 48 h, with or without
with the titania surface. prior sulfonation. Method 2 gave 6650 nm of a highly
The benzoic acid SAM on a silicon surface, though likely oriented (004) crystalline anatase film in 22 h on chlorosul-
having little charge at the pH values of our deposition fonic acid-activated PMR-15. Comparable thicknesses
solutions?® serves as a chelating ligand for the metal of the (520 nm, 630 nm) were obtained on unsulfonated PMR-15.
oxide. The [, of the polyamic acid produced by PMR-15  The XPS spectrum of a bare PMR-15 sample after 50 min
imide hydrolysis is 3.7! It too, like benzoic acid (K, 4.2), in the deposition solution showed signs of hydrolysis. This
can chelate to the titania. hydrolysis exposed benzoic acid groups that chelated the
Although direct data on the chelation ability dfpof the titanium ions to anchor the formation of a film. In a separate
product of PMR-15 hydrolysis (polyamic acid) are not experiment, we compared sulfonate and benzoic acid active
available, we can use phthalanilinic acid as a model for the group monolayers on silicon; with respect to film thickness
PMR-15 polyamic acid (Figure 10). Phthalanilinic acid is and orientation, regardless of the source of the surface
known as a ligand for various metal ioffsjncluding functionalization (SAM or acid treatment), the results were
titanium3354 Complexation through its carboxylic acid is almost the same. This leads to the suggestion that three
assisted by the amide nitrogé(Figure 10). Acid and amide = mechanisms can promote film growth under the appropriate
groups liberated during the acidic sulfonation or in the LPD conditions: electrostatic attraction, as with amine surfaces
deposition solution seem to chelate titanium ions and initiate for negatively charged LPD anatase particles (as reported
titania growth on the surface, even without electrostatic by Masuda et ai®®9; van der Waals attractions in the
attraction. This would also explain the reported titania presence of small or no electrostatic attraction, as with the
deposition on polyamide microcapsufés. sulfonate surfaces used here and by Dutschke ét#land
Finally, we note that even the uncharged benzoic acid andchelation when surface benzoic acid groups are present.
amic acid groups would still have attractive van der Waals ~ An important lesson of this work is that while controlled
interactions with the titania, favoring film formatiéhlt must preconditioning of a polymer surface to promote oxide
further be kept in mind that the electrostatic and van der attachment may be an important part of such methodologies,
Waals effects of the SAM will be felt directly only during in the specific system (LPD titania on PMR-15) studied
the initial stages of film growth. Any influence beyond the herein an explicit sulfonation step proved unnecessary to
first few nanometers is expected to be indirect, perhaps e.g.promote formation of an adherent film. The interaction of
in establishing a denser or more adherent inner film on which the polyimide with the deposition solution was sufficient to
subsequent oxide can deposit (presumably via the attractiveprovide anchoring sites for the oxide.
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Figure 10. Model compounds for the polyamic acid that is produced by
partial hydrolysis of PMR-15.




