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ABSTRACT: This paper describes the synthesis and properties of poly(isobenzofuran) (PIBF) films prepared by
a thermal chemical vapor deposition (CVD) process. The synthesized precursor monomer, 1,2,3,4-tetrahydro-
1,4-epoxynaphthalene, is pyrolyzed by flowing it through a tube furnace at temperatures-6f580TC. A

reactive intermediate, isobenzofuran (IBF) monomer, is produced by this pyrolysis and deposited onto a silicon
substrate where it polymerizes to form a thin coating of poly(isobenzofuran) (PIBF) on the surface. The chemical
structure and composition of the PIBF films are supported by nuclear magnetic resonance (NMR) spectroscopy,
Fourier transform infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). The weight-
average molecular weight of the PIBF films range from 5500 to 9400 by varying the deposition (stage), pyrolysis
(furnace), and vaporization (source) temperatures. With the variation of deposition temperature (5, 10, 15, 20, 25
°C) and pyrolysis temperature (600, 650, 700, 780, significant changes are observed in deposition (growth)
rate, molecular weight, and morphology while the chemical structure of the PIBF films remain the same as
probed by FT-IR and XPS analysis. On the other hand, variation of the vaporization temperature (40, 45, 50, 55,
60 °C) leads to significant changes in the chemical structure as well as in the deposition rate, molecular weight,
film uniformity, and morphology. By exploring several operating conditions, we have obtained optimal conditions
for deposition temperature (1), pyrolysis temperature (75), and vaporization temperature (80) that

provide good film properties as well as fast film growth. To investigate the possible role of cationic initiation in
IBF polymerization, PIBF films were deposited on several surfaces tailored with self-assembled monolayers (SAMs)
of thiols that have functional groups of different acidities, including a carboxylic acldQOH), a phenol
(—PhOH), an alcohol-OH), an amine £NH,), and a methyl groupCHs;). We observed the fastest growth

of PIBF (k = 2.5 A/s) on the carboxylic acid-terminated surfaces whereas the slowest growth was on the methyl-
terminated surfacek & 0.02 A/s). On the basis of the experimental observations, we proposed a growth mechanism
for the PIBF films by the CVD process.

Introduction Scheme 1. Formation and Polymerization of Isobenzofuran

Among the many techniques for the preparation of polymeric (IBF)

thin films, the chemical vapor deposition (CVD) process is a _ °
promising method to provide functional polymer coatings. CVD ﬁ' ©;>0 I "
processes have several advantages, including pinhole-free, AN

solvent-free, and noncontact deposition of uniform coatings for ethylene

complex structures, compared to conventional liquid-phase
processing methods, such as dip coating, spin coating, and roll
coating, etc. Among the widely studied class of polymer coatings
by CVD is poly(p-xylylene) (PPX, commercially known as
parylene) and its derivatives, which are used for low dielectric
coatings! corrosion-resistant coatingsiopassivation layers,

as components of microelectromechanical systems (MEMS)
such as membranes and channel wiallsyveguides and coatings
for optical system§$,patterned surfacésand reactive coatings

in biological applicationg.Fluorocarbon films constitute another
extensively studied class of polymer CVD coatings for the
development of low dielectric materials and as water-repellent
coatings (hydrophobic surfaces)Additional examples of oo generated by retro-Dielslder fragmentation of 1,4-
polymer CVD coatings include conjugated polymers, such as dihydro-1,4-endooxynaphthalefa controlled pyrolysis (1’20
polg(p-phenylenevinerne) (PPy) for eIectrquminescgnt materi- °C and 0.1 Torr) of the adduct of 1,4-dihydro-1,4-endooxynaph-
als, poly(pyrrolf_e) and_poly(thlophene) for conQuctwe Ia_yers thalene and 3,6-di(2-pyridyB-tetrazine followed by a cold
and photovoltaic dewce@,_and poly(2,4-hexadiyn-1,6-diol) trapping (at—80 °C),'® and a flash vacuum thermolysis (650
(PHDO) for highly conductive material.The preparation of °C and 0.1 Torr) of 1,2,3,4-tetrahydro-1,4-epoxynaphthalene
fluorocarbon/organosilicon copolymer films and poly(ethylene ¢} 0wved by a cold trz;lp'pi'n@‘? IBE can be isolated at low

o temperature, but under ambient conditions its high reactivity
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t Department of Chemical Engineering. Scheme L 1% Although the polymerization of IBF has been

* Department of Chemistry. briefly mentioned in early reports of the chemistry of IBF, to

1,2,3,4-tetrahydro-
1,4-epoxynaphthalene

Isobenzofuran  Poly(isobenzofuran)
glycol) (PEG) films by CVD processes have also been inves-
tigated for biological application's.

Isobenzofuran (IBF) is a highly reactive molecule and is often
generated in synthetic pathways in-situ as a reactive intermedi-
ate. The high reactivity of IBF under ambient conditions can
provide access to a variety of naphthalenes and heterocyclic
derivatives'3 Since IBF was isolated and characterized by Fieser
and Haddadin in 196% there has been considerable interest
in the synthetic utility of this transient intermediate. IBF has
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Figure 1. Diagram of the CVD reactor used for polymerization of IBF. The initiatert{butyl peroxide, TBPO) was used only for the investigation
of a possible radical initiation of IBF polymerization. Inert gas (argon) was used only for purging of feed line before each batch.

our knowledge, a polymeric form of IBF has never been with functional groups of different acidities was performed under
intentionally synthesized, isolated, or characterized. similar conditions. Surfaces with different functional groups were
Herein we present the polymerization of IBF by a CVD Prepared by forming self-assembled monolayers (SAMs) of thiols
process. The poly(isobenzofuran) (PIBF) films were prepared ©N gold _surbstrates. Polycrystalllnfe gold f_||ms were prepared by
under various operating conditions and characterized as aS€duéntial electron beam evaporation of Ti (5 nm) and Au (30 nm)
function of deposition (stage) temperature, pyrolysis tempera- " silicon substrates. Gold-coated silicon substrates were then

ture. and vanorization rce) temperature by Eourier transf rrnsoaked into 2 mM ethanolic solutions of 11-mercaptoundecanoic
’ aporization (source) temperature by Fourier transfo acid, 4-mercaptophenol, 11-mercapto-1-undecanol, 2-aminoethane-

infrared (FT-IR) spectroscopy, X-ray photoelectron Spectroscopy thjo| hydrochloride, and 1-undecanethiols for 18 h. The modified

(XPS), gel permeation chromatography (GPC), ellipsometry, and go|d substrates were then removed from the solution and dried under
microscopy techniques. The growth of PIBF films on several a stream of nitrogen prior to use.

surfaces with functional groups of different acidities was also 14 jnvestigate the possibility of radical initiation of IBF
performed to investigate a possible role of cationic initiation of polymerization, deposition of PIBF was performed wight-buty!

IBF polymerization. The observations provide insight into the peroxide (TBPO) as a radical initiaté TBPO was vaporized in a
polymerization mechanism of IBF and the optimal conditions glass jar at room temperature and fed to a deposition chamber

for IBF polymerization by CVD. through a mass flow controller (model 1479A, MKS Instruments,
Andover, MA). The feed line between the mass flow controller
Experimental Section and the deposition chamber was heated to°22@ produce radical

} 1 4. Initiators by thermal cracking of TBPO. Reactive intermediate and
1,2,3,4-tetrahydro-1,4 radical initiator (TBPO) were mixed together before entering the
deposition chamber. The flow rate of precursor monomer was kept

Materials. A precursor monomer,
epoxynaphthalene, was either obtained from Acros Organics (Morris
Plains, NJ) or synthesized according to the described synthetic S
proceduré’ Silicon wafers (p-type, 100) were purchased from at 2.0 sccm whereas that of TBPO was varied (i.e., 0, 0.2, 0.4, and
Montco Silicon Technologies, Inc. (Spring City, PA). Other 0.8 sccm).
materials and reagents were purchased from Aldrich (Milwaukee, —Characterization of Poly(isobenzofuran) (PIBF) Films.Film
WI). All chemicals were of reagent grade and used as received. thickness was measured by variable angle spectroscopic ellipsom-

Polymerization of Isobenzofuran (IBF) by Chemical Vapor etry (VASE) with a J.A. Woollam M-2000s rotating compensator
Deposition (CVD). Polymerization of IBF was performed by ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE). For each film,
cracking 1,2,3,4-tetrahydro-1,4-epoxynaphthalene in a home-built ellipsometric psi ¥) and delta A) angles were measured over the
CVD system. As shown in Figure 1, the thermal CVD system was wavelength from 315 to 800 nm, at three incident angles 6f 65
composed of a monomer delivery (vaporization) zone, pyrolysis 70°, and 75. A subsequent regression methodology was used to
zone, and deposition zone. The precursor monomer was placed inderive thickness and optical properties of the films according to
a glass jar heated to 4®0 °C, and the vapor was flowed through  the literature® With an automated sample translator, the thickness
a 1in. diameter quartz tube in a Lindberg tube furnace (Watertown, and refractive index were measured on 73 points over the substrate,
WI) where the pyrolysis temperature was controlled to-6880 and the thickness profiles of each film were obtained by mapping
°C. Reactive intermediate species, IBF monomer, was producedthe data. The deposition was monitored in-situ by interferometry
by pyrolysis and flown to the deposition chamber (10 in. diameter using 632.8 nm HeNe laser light (JDS Uniphase, San Jose, CA).
and 5 in. height) through a heated line* 100°C). The line was A cycle thickness was calculated by dividing the total thickness of
heated to minimize polymer deposition on the walls of transport films by the number of cycles. Fourier transform infrared (FT-IR)
zone. Ethylene gas, produced as a pyrolysis byproduct shown inspectra were obtained with a Nicolet Nexus 870 spectrometer
Scheme 1, was vented to the exhaust. The pressure within the(Thermo Nicolet Corp., Madison, WI) in normal transmission mode
chamber was controlled at 0.2 Torr by an exhaust valve (Type- using a deuterated triglysine sulfate (DTGS) KBr detector over the
253, MKS Instruments, Andover, MA) connected to an exhaust range 408-4000 cntt at 4 cnt? resolution. X-ray photoelectron
valve controller (Type-252, MKS Instruments, Andover, MA). The spectroscopy (XPS) was used to monitor the surface composition
stage temperature of deposition chamber was controlled-865 of PIBF films. XPS spectra were obtained with a Kratos Axis Ultra
°C by circulating chilled water through internal coils on the backside spectrometer (Kratos Analytical, Chestnut Ridge, NY) equipped
of the deposition surface (stage). with a monochromatized Al & X-ray source. Pass energies were

For the investigation on the possibility of cationic initiation of 160 and 10 eV for survey and high-resolution scans, respectively.
IBF polymerization, deposition of PIBF on several surfaces tailored All peaks were fitted with 100% Gaussian, and the peak posit'&t_:R/
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Figure 2. (a) FT-IR spectra of PIBF films prepared at various stage
temperatures. (b) C(1s) high-resolution XPS spectra of the PIBF films
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Figure 3. Interferograms obtained during the PIBF film growth at
different stage temperatures using a 632.8 nm-Ne laser. Other
operating conditions were fixed & = 750°C, T, = 60 °C, andP =

0.2 Torr. The inset is a kinetic analysis of PIBF film growth as a
function of the stage (surface) temperature.

2000

prepared by varying the deposition (stage) temperaturgs (
from 5 to 25°C with an interval of 5°C while other conditions
were fixed [, = 750°C, T, = 60 °C, andP = 0.2 Torr, where
subscripts p and v represent pyrolysis and vaporization,
respectively). We observed that all FT-IR spectra in this set of
PIBF films exhibit nearly identical absorption bands, and all of
the bands can be clearly resoh&dlhe sg C—H stretch from
benzene ring is observed at 3040 ¢grand the shC—H stretch

from the polymer backbone is also detected at 2874cithe
C=C aromatic stretch absorptions are observed in a pair at 1595
and 1460 cm?. The furanoid G-O stretch absorptions are also
detected in a pair at 1285 and 1038 dmFurthermore, other
absorptions, such as weak combination/overtone bands for the

prepared at various stage temperatures. The inset is a typical exampl@rtho-substituted (16701900 cn1?) and out-of-plane bending

of the curve fitting for the two peak components (i€ C andC—-0O
centered at 285.0 and 286.7 eV, respectively). Other operating
conditions were fixed at, = 750°C, T, = 60 °C, andP = 0.2 Torr.

were referenced to C(1s) 285.0 eV. Nuclear magnetic resonance
(NMR) spectra were obtained on a Varian Inova 500-MHz
spectrometer. All polymer solutions were filtered through Q45
syringe filters prior to use, and the NMR chemical shifts were
referenced to CDGITMS (7.27 ppm for'H and 77.23 ppm for
13C). The molecular weight of the PIBF film was measured by gel
permeation chromatography (GPC) with a Waters 1525 binary high-
performance liquid chromatography (HPLC) pump (Waters, Mil-
ford, MA) equipped with a R410 differential refractometer as a
detector. All polymer films were dissolved in tetrahydrofuran (THF)
and filtered prior to use. Polystyrene standards from Aldrich were
used for calibration, and THF was used as an eluent. Optical
microscopy images were obtained with an optical microscope
(Nikon, TE300) equipped with a digital camera and image
processing software. Electron micrographs were taken on a scannin
electron microscope (JEOL, JSM5910) with a spot size ofid4
and acceleration voltage of 2.0 kV. Surface morphologies were
analyzed with a NanoScope Il atomic force microscope (Digital

Instruments) operating in a tapping mode. Stress measurements o

PIBF films were performed with a Tencor flexus FLX-2320 stress
gauge (KLA Tencor) by analyzing the difference in curvature

vibration for the ortho-substituted (755 c#), provide useful
insights into the chemical structure of the PIBF polymer.

The atomic composition of PIBF films was confirmed by
XPS. Survey scans revealed the typical atomic composition of
the PIBF films as 84.8% (C) and 15.2% (O), consistent with
the stoichiometriy of PIBF (85.7% of carbon and 14.3% of
oxygen). To verify the PIBF structure, we also performed high-
resolution scans on this set of PIBF films (Figure 2b). Each
spectrum consists of two peak components corresponding to
the unsaturated carbons (i.€5C or C—H in the benzene ring)
and the oxygen-bound carbon (i.€5-O in the furanoid ring),
centered at the binding energies of 285.0 and 286.7 eV,
respectively. Area fractions of these peak components are
typically 75.9% C—C or C—H) and 24.1% C—0), in good
agreement with the stoichiometry of PIBF (75% ©fC and
25% ofC—0). The results from FT-IR and XPS analysis suggest
that the PIBF films obtained with various stage temperatures

%re nearly identical with one another in terms of the chemical

structure and the atomic composition of the films.
By using interferometry (Figure 3), the deposition (growth)

kinetics of PIBF films was explored as a function of the stage

temperature,Ts. The deposition rate decreases as the stage
temperature increases. At = 5 °C, it takes about 22 min to

between a bare silicon substrate and a PIBF film deposited silicon obtain a 0.5um thick film (deposition ratek = 3.8 A/s),

substrate.

Results and Discussion

Deposition (Stage) Temperature Dependence of PIBF Film
Growth. Figure 2a shows the FT-IR spectra of the PIBF films

whereas more than 4.5 h is needed to obtain a similar film
thickness k = 0.32 A/s) aiTs = 25 °C. A semilogarithmic plot

of growth rate against the reciprocal stage temperature (inset
of Figure 3) yields a slope of 10325 K (and herg, = —85.9
kJ/mol) and an intercept df, = 0.186 A/s. The decreasin@DV
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. ) ) ) Figure 5. Thickness profile of PIBF film prepared @ = 10 °C, T,
Figure 4. Weight-average molecular weightl{,) of PIBF films as a =750°C, T, = 60 °C, andP = 0.2 Torr.
function of the stage temperature. Other operating conditions were fixed
atT, = 750°C, T, = 60°C, andP = 0.2 Torr. and 65 nm, respectively). Since the IBF monomer is delivered

growth rate with increasing temperature can be interpreted in from the top-center part of the reactor to the center of the

terms of competition between surface adsorption and desorption.SUbStrate’ .the IBF molecules agcumulate near the center region
In this simple model, reactive intermediates adsorb on the and t.hen diffuse to the edge. This process sgts up a concentration
surface and then either desorb or form polymer. The rates of 9r@dient of the IBF monomers with a maximum at the center
adsorption and desorption have the following dependence onOf the substrate and decreasm_g along with the rad|_al direction
stage (deposition) temperaturg.)¢ of. the substrate. Correspondingly, the polymer films grow
thicker at the center than on the edge of the substrate. By

gad gde considering the deposition rate, the molecular weight, and the
Faas €xg — % and 1y, 0 exg— Reil' (1)  fim uniformity, we selected 10°C as an optimal stage
s s temperature for the PIBF film growth.
Pyrolysis Temperature Dependence of PIBF Film Growth.

The highly reactive monomer species formed in the pyrolysis g e 63 shows the FT-IR spectra in the PIBF films prepared
would be expected to have a very low activation barrier for at the various pyrolysis temperaturd,(from 600 to 750°C

: : d _ d d
agesorptlon (i.e.E5™ ~ 0 and therebyAE, = (E;™ — E%) ~ with an interval of 50°C) while other conditions were fixed
E;%). As a result, the growth rate would be expected to vary as (Ts=10°C, T, = 60 °C, andP = 0.2 Torr, where subscripts
de s and v represent stage and vaporization, respectively). We
ads Ea observed no significant differences in the FT-IR spectra of this
Fgrowth D = €X|l — 2 : o
gro I des RT, set of PIBF films. All spectra are nearly identical to one another

and also have the same absorption bands that were present in
and hence it will decrease as the stage temperature increaseshe spectra of the PIBF films prepared at the different stage

As the stage temperature is increased from 5 t6@5the temperatures (Figure 2a).
weight-average molecular weight of the PIBF film reaches a  The atomic composition of the PIBF films was confirmed
maximum of 8300 at 10C and then decreases to 5600 at 25 by XPS. From survey scans, the typical atomic composition of
°C (Figure 4). These changes in molecular weight with the this set of PIBF films was 84.9% (C) and 15.1% (O), consistent
variation of the stage temperature are consistent with the with those from the various stage temperatures and the stoi-
polymerization of IBF, primarily controlled by a surface growth chiometry of PIBF (85.7% of carbon and 14.3% of oxygen).
mechanism. The adsorption efficiency of the IBF monomer at High-resolution scans (Figure 6b) exhibit nearly identical
Ts =5 °C is better than that & = 10 °C. Accordingly, there features in the C(1s) region as observed from the films with
would be more nucleation sites for polymerization (i.e., growing the stage temperature variations. Each spectrum consists of two
polymer chains) over the entire surfaceTat= 5 °C than that peak components corresponding to the unsaturated carbons (i.e.,
present affs = 10 °C, leading to a large number of polymer C—C orC—H in the benzene ring) and the oxygen-bound carbon
chains with lower molecular weight. The increase in desorption (i.e.,C—0 in the furanoid ring), centered at the binding energies
rate with stage temperature leads to the reduction of residenceof 285.0 and 286.7 eV, respectively. Area fractions of these
time of IBF monomer on the surface with a corresponding peak components are typically 75.7%~C or C—H) and
reduction in the rate of initiation and propagation of polymer- 24.3% (C—0), in good agreement with the stoichiometry of
ization and reduction in the molecular weight of the PIBF films. PIBF (75% ofC—C and 25% ofC—0).

Figure 5 shows the uniformity of the PIBF films at the typical We analyzed the deposition rate of the PIBF films as a
growth conditions. The thickness of the PIBF film is 510 and function of the pyrolysis temperatur&,. The deposition rate
400 nm at the center and the edge of the substrate, respeétively. is reduced as the pyrolysis temperature decreaseg, At750
The films prepared as = 5, 10, and 13C show similar trends, °C, it takes about 36 min to obtain a O/&m thick film
but the film uniformity deteriorates with further increases in (deposition ratek = 2.3 A/s), whereas more th& h isrequired
the stage temperature. The standard deviations of thicknesgo obtain a similar film thicknesk(= 0.16 A/s) withT, = 600
obtained from the films prepared & = 5, 10, and 15C are °C (interferograms not shown). We plotted the deposition rate
almost the samey53+ 1 nm, while larger standard deviations of each film against the pyrolysis temperature in an Arrhenius
are observed in the films preparedTat= 20 and 25°C (57 form as shown in Figure 7 and obtained the apparent activ%BQ/
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Figure 8. Weight-average molecular weight of PIBF films as a function
(b) of the pyrolysis temperature. Other operating conditions were fixed at
Ts=10°C, T, = 60 °C, andP = 0.2 Torr.
g ] the precursor monomer (1,2,3,4-tetrahydro-1,4-epoxynaphtha-
\; cc lene) is the critical step to generate the IBF monomer and
= ] co governs the overall polymerization reaction. The cracking
8 T =750 °C efficiency of the precursor monomer increases with pyrolysis
& I P temperature, and as a result, the amount of IBF monomer and
£ T,=700°C the rate of initiation of polymerization increase accordingly.
g_’ T =650 °C The molecular weight of this set of PIBF films (Figure 8)
> 2 shows little variation, ranging from 8300 to 9400, with a slight
T, =600 °C decrease as the pyrolysis temperature increases. This slight
E——— decrease in the molecular weight could be attributed to a large
300 295 290 285 280 275 number of IBF monomers produced at higher pyrolysis tem-
.. perature, leading to more growing polymer chains (i.e., more
Binding Energy (eV) propagation centers). However, it seems that there is no

Figure 6. (a) FT-IR spectra of PIBF films prepared at various pyrolysis dependence of molecular weight on the pyrolysis temperature
temperatures. (b) C(1s) high-resolution XPS spectra of the PIBF films i this range because the standard deviation of the molecular

Q;Zﬁ’ﬁ‘gfgo?tth‘;agjﬁvi ﬁ{t{;’g?c'fr ;ﬁg"gg;aktfg;-pgggnggs(;;g a ypical \yeight for this series of PIBF films is 500, which falls into the

C—0 centered at 285.0 and 286.7 eV, respectively). Other operating acceptable error range of the measured values. We selected 750

conditions were fixed afs = 10 °C, T, = 60 °C, andP = 0.2 Torr. °C as an optimal pyrolysis temperature for the PIBF film growth
by considering the deposition rate, the molecular weight, and
2 the film uniformity 22
Vaporization (Source) Temperature Dependence of PIBF
Film Growth. Unlike the PIBF films prepared at the various
14 stage temperatures and the various pyrolysis temperatures, the
PIBF films prepared at the various vaporization (source)
0- temperatures exhibit remarkable differences in the chemical
~ structure, molecular weight, and film uniformity. Figure 9a
c shows the FT-IR spectra of the PIBF films prepared at the
- 14 various vaporization temperatureg,,(from 40 to 60°C with
b an interval of 5°C) while other conditions were fixed{= 10
°C, Tp = 750°C, andP = 0.2 Torr, where subscripts s and p
-2 represent stage and pyrolysis, respectively). We observed that
the sg C—H stretch from the benzene ring (3040 thand
3 : the s§ C—H stretch from the polymer backbone (2874 ¢in

095 100 105 110 115 120 decrease as the vaporization temperature decreases. Especially,

1000/T_(1/K) the sg C—H stretch from the polymer backbqne (2874din

p disappeared from the spectrum of the PIBF film prepareq, at

Figure 7. Deposition (growth) kinetics of the PIBF films prepared at = 40 °C. We also recognized that other absorptions, such as
various pyrolysis temperatures. Other operating conditions were fixed the G=C aromatic stretch (a pair at 1595 and 1460 &and
atTs = 10°C, T, = 60 °C, andP = 0.2 Torr. An apparent activation  the furanoid C-O stretch (a pair at 1285 and 1038 ¢k show
energy and a freq“eg‘cy factor can be calculated from the line fitting o y\,ction in intensity and shifts in peak position. The reduction
(i, Ink=In ko = E/RTy). in the peak intensity and shift in peak position of several
energy for pyrolysis B = 134.7 kJ/mol) with a frequency  absorptions indicate the decrease in the degree of polymerization
factor (o = 0.287 A/s). The polymerization of IBF can be and the generation of different organic frameworks with small
considered as a self-initiated process, where the pyrolysis of molecular weight through a different pathway; this resul&'BV
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are consistent with those from the other sets of PIBF films and
the stoichiometriy of PIBF (85.7% of carbon and 14.3% of

a
@ M oxygen). On the other hand, the C(1s) high-resolution scans
L nA\T.=s0C revealed that this set of PIBF films have slightly different
MM chemical structures from one another. As shown in Figure 9b,
L A NT=55%C the spectra obtained from PIBF films preparedat 60 and

T _50M 55 °C exhibit nearly identical features in the C(1s) region as
T e observed in the other sets of PIBF films. Each spectrum consists

T =590 of two peak components corresponding to the unsaturated
N carbons (i.e.C—C orC—H in the benzene ring) and the oxygen-
T,=40°C bound carbon (i.eC—0 in the furanoid ring), centered at the

T binding energies of 285.0 and 286.7 eV, respectively. Area
., fractions of these peak components are typically 75.8%(
3500 3000 2000 1500 1000 500 or C—H) and 24.1% C—O0), in good agreement with the
4 stoichiometry of PIBF (75% oC—C and 25% ofC—0). As
Wavenumber (cm”) the vaporization temperature decreases, we observed that the

peak areas of the unsaturated carbon (centered at the binding
1 (b) energy of 285.0 eV) and the oxygen-bound carbon (centered at
the binding energy of 286.8 eV) decrease, and a new peak
component centered at the binding energy of 285.7 eV appears.
This peak component centered at 285.7 eV is usually assigned
as a carbon adjacent to either a carboxyl or an ester group (i.e.,
C—C(=0)—O0R) when it appears along with their carbonyl peak
components centered typically at 288289.3 eV However,
these spectra do not appear to have a carbonyl peak component
and can be resolved into three peak components in the C(1s)
region, corresponding t6—C (285.0 eV), € (285.7 eV), and
C—0 (286.8 eV). Inclusion of ketal (acetal) groups in the films
could be an alternative explanation for this new peak component,

' T ' ' but ketal compounds are not observed in the expected region
300 295 290 285 280 275 of higher binding energy, i.e., centereda288.0 eV, in the
Binding Energy (eV) high-resolution C(1s) spectra. From the high-resolution O(1s)
spectra of the polymer films grown under lower vaporization
1 (C) temperatures (50, 45, and 4C), we also observed that the
] O(1s) peaks can be resolved into two peak components (Figure
—.W/Lﬂioﬁ_ 9c); one corresponds to - (532.9 eV), which is nearly
: identical to the single peak component present in the typical
T, = 55°C PIBF films, and the other is a new pealQ1533.8 eV). Since
the binding energy of the oxygen atom of the carbonyl group
T, =50 °C usually appears around 532.3 eV (for an aliphatic compound)

] or 531.3 eV (for an aromatic compourdd)this new peak
_%M component centered at 533.8 eV cannot be considered to be an
. . oxygen atom from a carbonyl group but could be an oxygen

atom bound to a different functional group. We also checked
for the presence of a carbonyl component in this set of polymer
. ; . films through IR analysis, but the carbonyl absorption in the
545 540 535 530 525 FT-IR spectra of this set of PIBF films could not be resolved
Binding Energy (eV) because of the overlap of carbonyl a_md the weak combination/
) s ) overtone bands for the ortho-substituted as well as the poor
Figure 9. (a) FT-IR spectra of PIBF films prepared at various

vaporization temperatures. (b) C(1s) high-resolution XPS spectra of signal-to-noise ratio in the carbonyl region (1 10 cnm).
the PIBF films prepared at various vaporization temperatures. The lower ~ To clarify whether a carbonyl component was present in this

inset is a typical example of the curve fitting for three peak components get of PIBF films, we performed NMR analysis. THe NMR

(i.e., C—C, *C, and C—O centered at 285.0, 285.7, and 286.7 eV, . _ o .
respectively). (c) O(Ls) high-resolution XPS spectra of the PIBF films SPectrum of the PIBF film prepared & = 60 °C exhibited

prepared at various vaporization temperatures. The speclia=o60, two broad peaks at 4:65.0 and 6.2-8.2 ppm, corresponding
45, and 40°C can be resolved into two peak components (i.e:0C to the protons from the furanoid ring and the aromatic protons,

and *O centered at 532.9 and 533.8 eV, respectively). Other operatin i
conditions were fixed afs = 10 °C, T, = 7509’(:, andylg =0.2 Tc?rr. ? ]E.eSpeCtlvely' on th_e o”ler hand, thé NMR spectrum of the

ilm prepared afl, = 45 °C showed not only two broad peaks

at 4.6-6.0 and 6.2-8.2 ppm but also several multiplets in the
supported by the decrease in the molecular weight of PIBF films 7.0—8.6 ppm range, which could correspond to small molecules
from 8300 {T, = 60°C) to 600 {T, = 40 °C) by GPC analyses.  produced as byproducts. We also perform&i NMR to look

XPS survey scans showed that there is no significant for the presence of carbonyl in the film. We observed no sign

difference in the atomic composition of this series of PIBF films, of carbonyl carbons, which usually appear between 150 and
which are typically 84.8% (C) and 15.2% (O). These values 220 ppm in3C NMR, but carbons from the benzene ring aeBV

Absorbance (a.u.)

XPS Intensity (a.u.)

XPS Intensity (a.u.)

T,=40°C
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(@) T,=5°C (b) T,=10°C . iei=s -c ()T, = 20 °C

(f) T, =700 °C

Figure 10. Optical micrographs showing the effects of the stage temperature, the pyrolysis temperature, and the vaporization temperature on the
PIBF film morphology: (a-e) stage temperature variation with the fixgg= 750°C andT, = 60 °C; (f—h) pyrolysis temperature variation with

the fixed Ts = 10 °C andT, = 60 °C; (i—I) vaporization temperature variation with the fix&d= 10 °C andT, = 750 °C. The pressure in the

chamber was controlled at 0.2 Torr in all cases.

Table 1. Analyses of the C(1s) and O(1s) High-Resolution XPS Spectra of PIBF Films Prepared under Different Vaporization Temperatures,)

C(1s) composition (%) O(1s) composition (%)
Ty (°C) C—C (BE: 285.0eV) C* (BE: 285.7 eV) C—0O (BE: 286.7 eV) C-O(BE: 532.9eV) O* (BE: 533.8eV)
40 73.8 121 14.1 55.4 44.6
45 73.5 10.1 16.4 63.5 36.5
50 73.6 5.6 20.8 80.6 19.4
55 76.2 23.8 100.0
60 75.9 24.1 100.0

the furanoid ring (polymer backbone) at 22040 and 86 ppm, vaporization temperature decreases, the film uniformity worsens.
respectively, were apparent. This poor uniformity in film thickness over the substrate might

From these results, we suggest that the peak componentoe due to large numbers of defects generated in the polymer
centered at 285.7 eV in the high-resolution C(1s) XPS spectrafilms through the incorporation of byproducts. By considering
might derive from carbons attached to another type efCC the molecular structure, the molecular weight, and the film
bond present in the polymerization byproducts. We suspect thatuniformity, we selected 60C as an optimal vaporization
ring strain on the furanoid components of the byproducts (with temperature for the PIBF film growth.
different chemical structures from PIBF) could result in different  Surface Morphology of PIBF Films. Figure 10 shows
binding states of the carbons adjacent to theGCbond in the optical microscope images of PIBF films prepared under the
furanoid ring. Area fractions of these peak components are various stage, pyrolysis, and vaporization temperatures. Except
summarized in Table 1. The generation of small molecules asfor the film prepared als = 10 °C, T, = 750°C, andT, = 60
byproducts in the lower vaporization temperature cases (i.e.,°C (Figure 10b), all films have defects on the surface. The
T, = 50, 45, 40°C) might be due to a longer residence time of defects in the PIBF film prepared d = 5 °C have four
the precursor molecule in the pyrolysis zone. The vapor pressuresymmetric arms, as shown in Figure 10a. The defects in the
of the precursor molecule decreases as the vaporization tem-P|BF films prepared afs = 15 and 20°C (Figure 10c and d,
perature decreases, and thereby the flow rate of the precursorespectively) have four to eight arms with inhibition of defect
molecule becomes slower than that of the higher vaporization growth by a branch developed from the adjacent defect domains.
temperature, such @, = 60 °C. Accordingly, the residence  In the PIBF film prepared &s = 25 °C (Figure 10e), the defects
time of the precursor molecule under lower vaporization have four to five arms and are smoother than those present in
temperatures becomes longer, and the precursor molecules coulthe PIBF films prepared & = 15 and 20°C, with the similar
obtain excess thermal energy in the pyrolysis zone. Conse-inhibition effect on the defect growth. The overall shapes of
quently, the excess thermal energy could activate other reactiondefects in the PIBF film prepared @it = 700°C (Figure 10f)
pathways, which may generate byproducts, such as other cyclicare similar, but with arms that are broader and smoother than
oligomers and decomposed materials. those on the PIBF film prepared &= 5 °C. As the pyrolysis

The thickness of the PIBF films preparedTat= 60 and 55 temperature decreases, the defects show a typical fractal
°C are typically about 510 and 400 nm at the center and the branching form similar to a disordered polycrystalline dendrite
edge of the substrate, respectively, similar to those of the PIBF observed in diffusion-limited aggregation (Figure 10¢4iJhe
films from the various stage and pyrolysis temperatures. As the difference between the defects in the PIFB films prepareg[g\t/
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Figure 11. Scanning electron micrographs showing the defects on the PIBF films preparedlatH& °C, T, = 750 °C, andT, = 60 °C; (b)

Ts = 10°C, T, = 750°C, andT, = 60 °C; (c) Ts = 20 °C, T, = 750°C, andT, = 60 °C; (d) Ts = 10 °C, T, = 650°C, andT, = 60 °C; (e) Ts

= 10°C, T, = 750°C, andT, = 55 °C. The pressure in the chamber during the deposition was controlled at 0.2 Torr in all cases. Micrograph b
is a cross-section image of the PIBF film on a Si wafer where the lighter part in lower left is the Si wafer and the rest is the PIBF film deposited
on the Si wafer.

50 100
b

Figure 12. AFM images of the defect domains in the PIBF films. All images obtained by tapping mode withmi00 100 xm of scan size and

1.5 Hz of scan rate. (a) Section analysis of the defect domain of the PIBF film prepafeec& °C, T, = 750 °C, andT, = 60 °C. The height
difference between the top of the PIBF domain and the bottom of the defect domain is 350 nm. (b) Section analysis of the defect domain of the
PIBF film prepared afls = 20 °C, T, = 750°C, andT, = 60 °C. The height difference is 450 nm. (c) Section analysis of the defect domain of the
PIBF film prepared afs = 10 °C, T, = 650 °C, andT, = 60 °C. The height difference is 85 nm.

650 and 600C is the surface density of the defects}0/mn? and the propagation of polymerization. This interference in both
for 650°C and~70/mn? for 600°C, and the size of the defects, initiation and propagation of polymerization would occur when
~50 um for 650°C and~100 um for 600°C. The defect in the monomer (IBF) for the polymerization is not available at
the PIBF film prepared al, = 55 °C (Figure 10i) shows a this interface. The unavailability of IBF monomer can be
typical dendrite, similar to a single-crystalline ordered dendrite attributed to either poor adsorption of the monomer on this
with crystallographic symmetr§#25 Further decrease in the region or deactivation of monomer to form unpolymerizable
vaporization temperature leads to morphological changes of compoundg’ Because the growth of polymer eventually occurs
defects; disordered dendrite morphologies appear, and the sizeon both PIBF and defect domains, the deactivation of the
of the defects increases as the vaporization temperature decreasesonomer is more likely, rendering it unavailable for the
(Figure 10f-1). initiation and the propagation of polymerization. This effect
By scanning electron microscopy (SEM), we found that all could lead to a different growth rate of the defect domain from
these defects appear to be hollowed into the polymer films that of the PIBF domain, as evidenced by the section analysis
(Figure 11). Figure 11le shows the typical morphology of across these two domains (Figure 12).
directional growth of the defect, which is very similar to the The defects might be derived from various sources, including
directional dendritic growth during the crystallization of ice in deactivated forms of IBF, unpyrolyzed precursor monomers,
sucrose solutiof€ To further elucidate the surface morphology oligomeric byproducts, or decomposed materials, which would
of the PIBF domains and the defect domains, we performed not be able to polymerize to form PIBF. For the convenience
surface analysis by AFM. From the section analysis, we found of the following discussion, we denote polymerizable IBF
that the height difference between the top of PIBF domain and monomers as the active species, whereas unpolymerizable
the bottom of the defect domain is typically 350 and 450 nm in compounds mentioned above are referred to as the unreactive
the film prepared afs = 5 °C (Figure 12a) ands = 20 °C species. Assuming that the domains first occupied by the active
(Figure 12Db), respectively. In the film preparedTat= 650 species are a continuous phase (i.e., large numbers of nucleation
°C, the height difference between two domains is 85 nm, as sites or propagation centers for polymerization are distributed
shown in Figure 12c. These results suggest that the nonequi-over the entire surface) and the others occupied by the unreactive
librium conditions developed at the interface between the PIBF species are a dispersed phase (i.e., small numbers of sites
domain and the defect domain could induce the inhibition of occupied by the unreactive species are present among the
the PIBF growth at the interface by interfering with the initiation polymer nucleation sites), the defect growth in the PIBF fE{BV
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Figure 14. Typical topographies of (a) a PIBF domain and (b) a defect
domain (scan size and scan rate argirh x 1 um and 1.5 Hz,
respectively, for both cases) and their corresponding schematics for
polymer growth with (c) multiple nucleation sites for polymerization
in the PIBF domain and (d) fewer nucleation sites for polymerization
in the defect domain.

& polymer
growth
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Meanwhile, the accumulation of the unreactive species develops
into nuclei for defect formation. The nuclei for the defects would

Figure 13. Schematic illustration of PIBF growth and defect formation. favor the _adsorptlon of l.mr?a(.:tlve Species and/or degctl_vat_lon
(a) Polymer nucleation: There is competition among adsorption, of adsorbing active species; this behaworlleads to the mhlbltlon
diffusion, deactivation, and desorption processes. Polymer nucleationOf polymer growth in the defect domain. However, if the

and surface growth of PIBF start at the sites occupied by the active delivery rate of the active species is high enough to overcome
species. (b) Propagation of polymer and nucleation of defects: Surfacethe deactivation rate of adsorbing active species, there might

growth of PIBF proceeds with adsorption of additional active species. P, : - -
Accumulation of the unreactive species leads to nucleation of the defectb € a possibility for secondary adsorption of active species onto

domain. (c) Polymer growth and secondary adsorption of active speciesthe defect dom_ain. The secondary a(_:lsorption could induce
onto the defect domain: The localization of the active species on the polymer nucleation on the defect domain although the process

growing polymer chains results in a rapid growth of the polymer in  would be less efficient than in the PIBF domain. Since this
the PIBF domain. The secondary adsorption of the active species OCCUSyrocess is unfavorable, fewer nucleation sites for polymer
in the defect domain; these parts can develop into the formation of ’

nucleation sites for polymerization. (d) The different growth rates grovvth would be expected in the de_fect domain than In_the PIBF
resulting from the nonequilibrium conditions at the interface between domain, and the polymer growth in the defect domain would
the PIBF domain and the defect domain lead to the height difference become slower than that in the PIBF domain. Consequently,
between two domains and the generation of the various shapes of thethjg process could explain the height difference between two
defects. domains and the generation of the various patterns of the defect
domains.
can be considered as the nonequilibrium growth, which is  The surface morphologies of the PIBF and the defect domains
usually observed in crystal growth under nonequilibrium condi- are additional evidence that supports the inhibition of polymer
tions® or domain formation in Langmuir monolayers of fatty —growth in the defect domaiff.Figure 14a shows the topography
acids during the phase transition from expanded phase toof the typical PIBF domain with an average rms roughness of
condensed phagé. 1.6 nm. We observed that small grains with the average size of
As illustrated in Figure 13, the initial step of PIBF film growth 35 nm are uniformly distributed over the entire surface of the
would be the adsorption of the active species onto the surfacePIBF domain, whereas the defect domain has a rougher surface
to initiate and propagate the polymerization. We suspect that with an average rms roughness of 22.8 nm (Figure 14b) and
the sites first occupied by the unreactive species would developmuch bigger sized grains up to 350 nm, mixed with small grains
into nuclei for defect formatio”® which induce the deactivation  in the defect domain. The uniformly distributed small grains in
of the adsorbing active species and generate an energeticallyPIBF domain suggest that multiple nucleation sites for polym-
unfavorable surface for initiation and propagation of polymer- erization (i.e., propagation center) would exist on the surface,
ization. When the active species reach the surface, some of thesahich form a large number of small polymer grains that coalesce
active species diffuse laterally along the surface and irreversibly into a continuous layer (Figure 14c). On the other hand,
adsorb onto the surface and initiate polymerization, whereas nonuniformly distributed large grains in the defect domain
others would desorb from the surface or become an unreactiveindicate that there are fewer nucleation sites for polymerization
species by a deactivation process induced through interactionand the polymerization process is starved for active species on
with other irreversibly adsorbed unreactive species. Once the surface, which results in the formation of fewer grains
polymer nucleation occurs on the surface, propagation of growing to larger sizes before coalescence (Figure $#d).
polymerization commences, and polymer growth proceeds in a  Cationic Initiation of IBF Polymerization. To investigate
normal fashion when supplied with fresh active species. the possible role of cationic initiation of IBF polymerizationgbv
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3 10000 tert-butyl peroxide (TBPO) as an initiator. We observed no
significant changes in growth raté ¢~ 2.3 A/s), chemical
§ s L 8000 structure (similar characteristic absorption bands in FT-IR
) % ° spectra), and chemical composition (76.2% and 23.8% fo€
o | 6000 and C—O in high-resolution C(1s) XPS spectra, respectively)
2 . % = from the films grown with TBPO. All these kinetic, spectro-
2 _4000‘ scopic, and microscopic results suggest that the growth of PIBF
: 1] é follows a surface cationic polymerization mechanism rather than

a radical polymerization.
' - 2000
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1,2,3,4-tetrahydro-1,4-epoxynaphthalene as a precursor mono-

different acidity: ~COOH, —PhOH, —OH, —NH;, and —CHs. The rate, molecular weight, and morphology of the PIBF films.
O P = 0.2 Torr), we obtained uniform polymer films with 2.3
oi c %Z c

C+ 1 N /O

able environment for the growth of PIBF. The growth of PIBF
alcohol (-OH), an amine {NHy), and a methyl group{CHj). while nonacidic surfaces, such as amine- and methyl-terminated
general, the growth rate of the PIBF films decreased with the with functional groups of differing acidity as well as the lack
carboxylic acid- and phenol-terminated surfaces were aroundp|BE growth follows a surface growth mechanism.
acid-, phenol-, and alcohol-terminated surfaces appear to havecyp process can be extended to produce various derivatives
(or disordered dendritic) defect-containing films prepared at can provide potential applications, such as a component of
grown on the carboxylic acid-, phenol-, and alcohol-terminated and microfluidic applications.
the films grown on amine- and methyl-terminated surfaces are
vaporization temperatures (data not shown). By optical micros-

use the GPC and the VASE.
islandlike growth) appear in the films grown on the amine-

Conclusions
We synthesized poly(isobenzofuran) (PIBF) films from
N . . X o
L™ < Increasing Acidity mer by a thermal chemical vapor deposition (CVD) process.
Figure 15. Growth rate Q) and weight-average molecular weig®)( The deposition temperature, pyrolysis temperature, and vapor-
of polymer films deposited on the surfaces with functional groups of ization temperature strongly affected chemical structure, growth
growth rate and the weight-average molecular weight of PIBF films . - . -
decreased with the decrease in acidity of the surface functional groups.Opt'm'ZatIon of _the operating Cond't!ons provided a useful
protocol to obtain a defect-free coating of PIBF. Using the
Scheme 2. A Possible Cationic Initiation of IBF Polymerization optimal conditions s = 10°C, T, = 750°C, T, = 60 °C, and
< A/s of growth rate. Structural retention of the PIBF films
\ et ° . prepared by the thermal CVD process was verified by the FT-
IR and the XPS analyses. Defects in the polymer films can be
derived from various unreactive species that provide an unfavor-
the CVD process (Scheme 2), we deposited PIBF on severalis very sensitive to the surface properties, specifically the acidity
surfaces tailored with functional groups of different acidities, of the surface functional group. Carboxylic acid-terminated
including a carboxylic acidtCOOH), a phenol{PhOH), an  gyrfaces exhibited the fastest growth of PIBF films (2.5 A/s)
We observed the fastest growth of PIBE< 2.5 A/s) on the  ones, have a tendency of inhibition of PIBF growth (0.02 A/s
carboxylic acid-terminated surfaces while PIBF films grew very for methyl-terminated surfaces) and thereby produce defects in
slowly on the methyl-terminated surfacds < 0.02 A/s). In- e films. Evaluation of PIBF growth on several surfaces tailored
decrease in acidity of the surface functional group (Figure 15). of effect on PIBF growth by free radical initiation suggests that
In addltlon, GPC anaIySIS of this set Of_pOIymer films revealed the po|ymerization of IBF follows a cationic polymerization
that the weight-average molecular weights of PIBF grown on mechanism. Studies of defect formation also support that the
8000 and decreased to 1500 as the acidity of the surface The described CVD process enables the reactive IBF mono-
functional group decreased (Figure 15). The FT-IR analysis on mer to be coated as high-quality polymer thin films that cannot
this set of films indicated that the films grown on carboxylic pe realized by any solvent-based techniques. Furthermore, this
nearly identical spectra to those obtained from the typical PIBF of functional coatings of PIBF by using specifically substituted
films, whereas the spectra of the films grown on amine- and precursor monomers. The optical property (refractive index,
methyl-terminated surfaces are similar to those of the dendritic = 1 63) and surface-dependent growth characteristics of PIBF
lower vaporization temperatures, suchTas= 50, 45, and 40 optical waveguides and a micropatterning process for polymeric
C (data not shown). The XPS analysis on this set of films also thin films. Current efforts target the development of functional
revealed that the C(1s) high-resolution spectra of PIBF films p|BF coatings using substituted precursor monomers for optical
surfaces appear to have two peak componétsg andC—O
centered at 285.0 and 286.7 eV, respectively) with similar area
fractions to those of the typical PIBF films while the spectra of
resolved into three peak components (i&-C, *C, andC—0O
centered at 285.0, 285.7, and 286.7 eV, respectively) that are
similarly observed in those of the films prepared at lower
copy, we observed that the films grown on carboxylic acid-,
phenol-, and alcohol-terminated surfaces are defect-free, wherea
disordered dendritic defects and discontinuous growth (i.e.,
terminated surfaces and methyl-terminated surfaces, respectivelyReferences and Notes
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dielectric constant using the refractive index of each film; the average
is 2.67 with a standard variation of 0.05.

Further increases in the pyrolysis temperature {ige= 800 and 850

°C) resulted in the formation of the different shapes of defects (i.e.,
disordered dendrites), the decrease in the molecular weldt~

600 atTp, = 850 °C), and significant differences in the chemical
structures/composition of the films, which were similarly observed
from the films prepared at lower vaporization temperature (lies

50 °C). These results suggest that higher pyrolysis temperatures
produce different materials, such as decomposed materials or non-
polymerizable compounds, by excess thermal energy provided in the
pyrolysis zone, as described in the next section (vaporization temper-
ature dependence of the PIBF film growth).
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We speculate that the possible structures of deactivated IBF could
include oligomeric forms, such as other dimers, other cyclic oligomers,
or some decomposition product.
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The formation of defects might also be due to stress development
resulting from the interaction among the polymer chains during the
polymerization. To clarify the possible contribution of stress to the
defect formation, we also measured the stress on the PIBF films with
Tencor FLX-2320 stress gauge. The equation used to determine the
stress is the Stoney formui&,in which the stress is dependent on
several variables, such as the thickness of the substrate and the film,
substrate modulus (125 GPa for Si wafer), substrate Poisson’s ratio
(0.27 for Si wafer), and the change in the curvature of the substrate
before and after the film deposition, etc. Overall, we observed that
there is little, essentially zero, stress, ranging from*10 10> GPa,

in our films whether they contain defects or not. It is possible that the
stress built up in the films would be relieved during the deposition
process so that we only could obtain very low (essentially zero) stress
values. From these results, we conclude that the defect formation and
growth is mainly due to the adsorption and accumulation of unreactive
species although there could be small contribution from the stress.
(a) Stoney, G. GProc. R. Soc. London, Ser. 2009 82, 172. (b)
Freund, L. B.; Floro, J. A.; Chason, Bppl. Phys. Lett1999 74,
1987. (c) Chen, K.-S.; Ou, K.-S. Micromech. Microeng2002 12,
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In the GPC analysis, every PIBF film showed a minor peak
corresponding to the weight-average molecular weight of 376000
500000 with area fractions ranging from 1 to 10%. These results
support that the defect domains would have fewer nucleation sites for
polymerization, and the polymers would grow to have longer chains.
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