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ABSTRACT: Inthis work, the dispersion of triphenylsulfonium metal-fluoride salts in polymer films modeling
chemically amplified resist systems has been characterized by solid-state 1°F multiple-quantum nuclear magnetic
resonance (MQ-NMR). Previously, this technique has been used to characterize 'H distributions on a length
scale of ~20 A in various materials. In agreement with differential scanning calorimetry, metal—fluoride salts
were shown to be immiscible with the nonpolar polymers poly(n-butyl methacrylate) (PnBMA) and poly-
(isobutyl methacrylate) (PiBMA), with no indication of individual salt molecules solubilized within the polymer
matrix. Metal-fluoride salts in poly(methyl methacrylate) (PMMA) were observed to be dispersed on a
molecular scale even at a salt loading of 20% w/w. Although observed by electron microscopy, evidence of
larger aggregates is absent in the MQ-NMR data of the salt/PMMA films, indicating that these aggregates
represent a small fraction of the total salt in these films. In addition, unlike electron microscopy, MQ-NMR
is nondestructive with respect to the photosensitive salt and polymers comprising resist systems.

Introduction

Chemical amplification resists are being developed to
provide an advanced lithographic system demonstrating
high sensitivity to <350-nm-wave-length radiation and
the capability to resolve submicron features. These
advanced resists are typically mixtures of a polymer and
an acid-generating photosensitive compound. Upon ir-
radiation, the photosensitive compound is converted to a
strong acid, which during a postbake step, catalytically
induces reactions which alter the solubility of the polymer
matrix.1™

In an effort to understand the fundamental factors which
influence catalytic resist chemistry, recent work has
characterized the conversion of a triphenylsulfonium salt
to acid for a homologous series of methacrylate polymer
matrices.® Asthelength of the alkylside chain and, hence,
the polarity of the polymeric matrix is varied, the
distribution of salt within the polymer varies. A strong
correlation has been observed between the conversion of
a triphenylsulfonium salt to its corresponding Brénsted
acid and the degree of salt dispersion within the polymeric
matrix. A primaryradical pathway for the acid conversion
of the triphenylsulfonium salt involves hydrogen abstrac-
tion from the polymer. Hence, intimate mixing of the salt
in the polymeric matrix should be expected to promote
the acid conversion reaction.? Intimate mixing of the salt
in the matrix is also desired to maximize the total number
of catalytic events which can occur, since the diffusion
length of the acid during the postbake step is only on the
order of 50 A.7

Previously, the extent of mixing of photosensitive sul-
fonium salt/polymer blends has been characterized by
differential scanning calorimetry (DSC) and scanning
electron microscopy (SEM).5> The triphenylsulfonium salt/
polymer interaction is an energetically weak interaction
which serves to enhance the motion of polymer chains
plasticizing the polymeric matrix and lowering the polymer
glass transition temperature, T,. Stronger interactions
which involve electron transfer between bonding orbitals,
such as alkali metal-oxygen complexation in alkali-metal
salt/poly(ethylene oxide) blends, increase the polymer T,
by inhibiting motion of the polymer chains.?® The de-
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pression of the T, with salt concentration and the
manifestation of a salt melting peak measured by DSC
were both used to describe the blending of the sulfonium
salt/polymer mixtures. SEM of film fracture surfaces
produced at liquid-nitrogen temperatures has directly
observed salt aggregates in these salt/polymer films on a
length scale as small as 700 A.

Although not previously reported for sulfonium salts,
infrared (IR) spectroscopy has been used to characterize
the dispersion of inorganic salts in polymeric matrices.
Strong complexation interactions involving alkali-metal
cations and a functional group of the polymer, such as a
carbonyl, have been observed as a shift in the IR frequency
of the polymer absorption.®1® However, it is unlikely that
the weak salt/polymer plasticizer interaction involves the
type of electron transfer between interacting chemical
functional groups that would lead to a shift in the IR band
of the polymer carbonyl group or various metal—fluoride
salt bands.

The main focus of this work is to apply 19F multiple-
quantum (MQ) nuclear magnetic resonance (NMR) spec-
troscopy to characterize the dispersion in polymer films
of acid-generating salts composed of a photosensitive
organic cation and a metal-fluoride anion. MQ-NMR
spectroscopy has proven useful in studying the distribution
of nuclei in amorphous materials on a length scale on the
orderof 10 A. It has previously been used to elucidate the
distribution of hydrogen in amorphoussilicon!! and silicon
carbide!? and adsorption of organic molecules containing
hydrogen in zeolites!314 and on catalytic surfaces.!®* While
these MQ-NMR studies of atomic-scale clustering insolids
have used 'H as a probe nucleus, 1°F is also an attractive
candidate. Like 'H, 1°F is a spin-!/; nuclei with a natural
abundance of 100%, making isotopic enrichment unnec-
essary. The magnetic moment of 1°F is 94% that of 1H,
providing high NMR sensitivity and strong homonuclear
19F-19F dipole couplings, which are responsible for the
development of MQ coherences. In addition, the 19F MQ-
NMR signal arises only from the photoactive metal-
fluoride salt, for which distribution information is sought,
while no background signal arises from the polymer matrix,
which comprises the majority of the sample. Finally, NMR
requires only low-energy radio-frequency radiation, which
is nondestructive to the photosensitive compounds used

© 1992 American Chemical Society



Macromolecules, Vol. 25, No. 7, 1992

in chemically amplified resists, unlike the higher energy
radiation employed by X-ray diffraction and transmission
electron microscopy (TEM).

Theory

MQ-NMR is a two-dimensional experiment involving
both a preparation and a mixing period.1¢1? The prep-
aration period is composed of an integer number of
repeating eight =/2-pulse subcycles. During the prepa-
ration period, multiple-spin transitions known as MQ co-
herences are created as individual nuclei become correlated
through their dipole couplings. Coherences, having order
n, indicate correlation between two states which differ in
the z-component of angular momentum by n units. Thus,
a least n dipole-coupled spin-!/; nuclei are required to
create an n-quantum coherence. As longer preparation
times, 7, are achieved through increased repetition of the
eight-pulse subcycle, larger groups of spins become cor-
related.

The particular eight-pulse subcycle used!® excites only
even-order MQ coherences, improving the signal to noise
ratio of the spectrum. The various n-order coherences
can be separated by shifting the phase, ¢, of the preparation
period from 0° to (360° - A¢) by increments of A¢ degrees
while fixing the mixing period phase, since the signal from
each order involves a complex term, exp(inA¢). Fourier
transformation with respect to ¢ yields an MQ spectrum
containing the intensities of each order where |n| <
w/Ag.

The mixing period is identical to the preparation period
at ¢ = 90°. This portion of the experiment results in time
reversal,!! causing the signal intensity of each MQ order
toadd constructively, further enhancing the signal to noise
ratio. The mixing period also serves to convert unob-
servable MQ coherences into observable magnetization.
After a 1-ms delay to allow for decay of signal transients,
a m/2 detection pulse is applied in order to observe the
stored MQ magnetization. Since only the signal intensity
as a function of ¢ is required, spin-locking with periodic
sampling was employed to further enhance the signal to
noise ratio.18

At a given preparation time, 7, the effective number of
correlated nuclei, N(r), has previously been described by
a simple statistical model in which the total intensity of
an n-order coherence, I(n,7) is directly proportional to the
number of ways of achieving that coherence within the 2¥
energy levels of the IV dipole-coupled spins.!? Assuming
all MQ coherences occur with equal probability at all 7,
the intensities of the nonzero MQ coherences can be
described by a Gaussian distribution

I(n,7) « exp[-n?/N(n)] (1)

when N(r) 2 6. Although itisnot valid for all spin systems,
the statistical model has yielded consistent results in
strongly dipole-coupled solids.1?.2!

The growth rate of N(r) with the preparation time
depends on hoth the magnitude and the number of dipole
couplings within the sample. For a pair of spins, the
strength of the dipole coupling depends on the inverse
cube of the internuclear separation. Stronger dipole
couplings result in MQ coherence development at short
7 values, producing a fast N(r) growth rate. In order to
develop high-order MQ coherences involving larger groups
of correlated spins, longer preparation times are required.!”
The induction time required to generate an n-quantum
coherence has beenrelated to the square root of the second-
moment of the °F-19F dipolar coupling in fluorine-
containing salts.?’ Thus, longer induction periods are
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Table I
Solution-Cast Photosensitive Salt/Polymer Films
Characterized by Solid-State 1F MQ-NMR

salt/polymer film® M, polydispersity

98% PhaSAst

1% PhySAsFe/PnBMA 320000 44

1% Ph3SAsFe/PiBMA 300 000 2.1

1% Ph3SAsFs/PMMA 93 000 2.0

1% Ph3SAsFs/PMMA 420 000 41

10% Ph;SSbFe/PnBMA® 102 000¢ 2.2

10% Ph3SSbFe/PMMA® 70 500¢ 2.0°¢

20% Ph3SSbFe/PMMA® 70 500° 2.0¢

¢ % w/wsalt/polymer. ? Films provided by Dr. Robert Allen (IBM,
Almaden Research Center, San Jose, CA). ¢ From ref 5.

indicative of larger interanion spacings, which reflect the
local salt distribution.

A finite cluster of dipole-coupled spins will be limited
in the extent of MQ coherences which can be achieved.
The cluster size is determined by the value at which N(7)
saturates as 7 is increased. The liquid crystal p-hexyl-
Dp’-cyanobiphenyl, C;gH N, is an example of such a finite
cluster.!” In this molecule, anisotropic rotation and
translation serve to destroy intermolecule dipole couplings,
while intramolecular dipole couplings maintain nonzero
values. In agreement with the statistical model (eq 1) the
observed values of I(n,7) follows a Gaussian envelope for
n > 0. Inaddition, the value of N(7) calculated saturates
at N = 20 £ 1, as expected from the structural formula.
Thus, MQ-NMR can give quantitative information on the
number of nuclei in a given cluster, allowing MQ-NMR to
be used as a spin-counting technique.

In a strongly dipole-coupled spin system which is much
larger than the 10-20-A length scale of a typical MQ-NMR
experiment, the effective number of coupled spins does
not saturate but rather grows continuously with r, re-
flecting the “infinite” nature of the dipole-coupling net-
work. Thus, in the absence of relaxation, the parameter
N(r) will grow without bound as 7 is incremented. Itshould
be noted, however, that since the effective number of
interacting spins is an ill-defined concept in a strongly
dipolar-coupled solid, N(r) should be regarded as a
parameter which reflects both the structure of and mo-
lecular reorientations within the solid.!”

Experimental Section

Materials. Secondarystandard polymers, poly(methyl meth-
acrylate) (PMMA), poly(n-butyl methacrylate) (PnBMA), and
poly(isobutyl methacrylate) (PiBMA), were used as obtained from
Aldrich. These polymers were chosen since previous work® has
indicated that triphenylsulfonium hexafluoroantimonate, Phy-
SSbFg, is largely dispersed within the PMMA matrix while being
highly aggregated in the PnBMA matrix. The solubility of sul-
fonium metal-fluoride saits in a polymeric matrix is a strong
function of the matrix polarity. In comparison to PnBMA and
PiBMA, PMMA forms a highly polar matrix. Triphenylsulfo-
nium hexafluoroarsenate, PhsSAsFg, 98% with 2% NaF, was
used as obtained from Johnson Matthey/Alpha.

Sample Preparation. The salt/polymer mixtures examined
in this work are shown in Table I. Films prepared in this
laboratory were solution cast from 6% w/w (polymer/solvent)
tetrahydrofuran solutions doped with 1% w/w Ph;SAsFg/
polymer. Inordertoremove residual solvents, films were allowed
to air dry for ~48 h followed by a vacuum anneal at 130 °C for
1 h. Samples were then heated at 70 °C for 48 h at essentially
atmospheric pressure and allowed to slowly cool to room tem-
perature. Preparation of the remaining filmsin Table I, obtained
from Dr. Robert Allen of IBM’s Almaden Research Center, has
been described elsewhere.®

Physical Characterization. MQ-NMR spectroscopy was
performed on a home-built NMR spectrometer with a 300-MHz
'H Larmor frequency. Phase shifting of the preparation period
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pulses with respect to the mixing period pulses was achieved
with a 270-MHz Sciteq digital synthesizer with 8-bit phase-
shifting capability. The incremental preparation phase shift,
A¢, was set at 5.6°, allowing detection of coherences with |n| <
16. All MQ spectra were taken at 200 K, unless otherwise noted,
in order to enhance the signal to noise ratio and shorten spin—
lattice relaxation time constants. The NMR samples contained
anywhere from 4 to 20 mg of Ph3SSbFg or Ph;SAsF; salts.

The length of #/2 pulses used ranged from 2.5 to 2.8 us, while
the basic MQ pulse sequence cycle time, t., was held fixed at 60
us. A pulsed spin-locking detection sequence of 5 ms in length
was used during the detection period for signal enhancement.®

Selected samples of PhySSbFs in PMMA and PnBMA were
further characterized with IR spectroscopy, DSC, and TEM. The
IR data were acquired on a Nicolet 800 FT-IR spectrometer using
an internal reflectance microsampling accessory. DSC analysis
was performed on a Perkin-Elmer DSC-7 at a temperature
scanning rate of 10 °C/min. The T of a polymer film was taken
as the midpoint of the heating inflection. A TopCon 200-kV
TEM Model EM-002B microscope was used to examine samples
which were coated with ~100 A of evaporated carbon in order
to reduce heating and charging effects.

Results and Discussion

Free Induction Decay NMR. Ideally, the distribution
of magnetic nuclei in a sample film could be described by
the homonuclear dipolar line width of the Fourier-
transformed free-induction-decay (FID) spectrum. For
Ph;SSbFs and PhySAsF, this line width would represent
only intermolecular interactions, since the rapid, isotropic
rotation of these anions averages the intramolecular homo-
nuclear 19F-19F dipole couplings to zero.202! In Figure 1,
the room-temperature 1°F FID spectra of 10% w/w Phs-
SSbFgin PMMA and PnBMA are compared. Large-scale
(>1-um) aggregates of salt are expected in nonpolar
PnBMA, while salt dispersed on a molecular level is
anticipated in the relatively polar PMMA matrix at this
salt loading, based on previously reported DSC and SEM
analysis.5 Clearly, the two line shapes of Figure la are
virtually identical inshape and width, despite the expected
differences in salt dispersion. Strong heteronuclear 'H-
19F dipole couplings complicate the dipolar structure of
these materials, obscuring the homonuclear dipolar line
width. Removal of the 1H-19F interaction by proton spin
decoupling techniques, a difficult experimental task for
high-power solid-state NMR spectroscopy, will not nec-
essarily resolve the problem of measuring homonuclear
19F-19F dipole line widths since the SbFg and AsFg-anions
also display large metal—fluoride scalar or J couplings on
the order of one kilohertz.20,22

MQ-NMR. Heteronuclear dipole and scalar couplings,
which prohibit the use of NMR line shapes to examine
acid-generating salt distribution in polymer films, do not
affect the correlation of 1°F nuclei under the influence of
the solid-state multiple-quantum pulse Hamiltonian.
Zeroth-order-average Hamiltonian calculations show that
the heteronuclear dipolar interaction is averaged to zero
by the eight-pulse MQ solid-state sequence.2! This isalso
true for heteronuclear J couplings, which have the same
mathematical form as heteronuclear dipole couplings.
Experimentally, this has been verified in our laboratory
through comparison of the N(r) growth rates for NaAsF;
and PhySAsFg.2! Thus, heteronuclear couplings do not
affect the potential of MQ-NMR for examining the
distribution of PhsSSbFs and PhsSAsFs on a molecular
level in protonated polymer films.

As a demonstration of this last assertion, parts b and
¢ of Figure 1 show the MQ spectra at 7 = 960 us for the
same two films which gave the identical NMR line shapes
shown in Figure 1a. There is a clear difference in the
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Figure 1. (a) For 10% w/w Ph3SSbF in two different polymer
films, Fourier-transformed free-induction-decay NMR spectra
of PnBMA (open squares) and PMMA (open circles) films. The
two resonances are indistinguishable within experimental un-
certainty. (b) MQ-NMR spectra at 7 = 960 us for the 10% Phs-
SSbFs/PnBMA film, showing intensities at 2, 4, 6, and 8 orders,
which follow a Gaussian distribution (solid line) indicative of
16-correlated °F (eq 1). (¢) In contrast, the 10% Ph3SSbFe/
PMMA film’s spectrum does not contain appreciable 4, 6, or
8-quantum coherences, indicating a lower local 1°F density than
that in the PnBMA film, even though both films have the same
overall10% saltloading. Thus, the difference insalt distribution
between the PnBMA and PMMA films with 10% salt is observed
by MQ-NMR, although not by the traditional NMR experiment.

nonzero MQ coherence intensities between the PnBMA
and PMMA films even though both have the same 10%
salt loading. The Gaussian fit to the PnBMA MQ
spectrum shown in Figure 1b yields 16-correlated 1°F nuclei
(eq 1), indicating salt clustering. In contrast, for the
PMMA film, only a small amount of two-quantum (2Q)
coherence is observed in Figure lc, indicating that the
majority of the salt is dispersed. The physical interpre-
tation of this data will be discussed in further detail later
in this section, but comparing these two film shows that
MQ-NMR is sensitive to the molecular-scale salt concen-
tration rather than to the average concentration of the
salt in the polymer matrix.

The multiple-quantum intensity spectrum for PhySAsFg
at room temperature for a series of preparation times,
between 60 and 1380 us, in 60-us increments, is shown in
Figure 2a. Ateach 7, the sum of the positive, nonzero MQ
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Figure 2. (a) MQ-NMR spectrum of the 98 % pure photoactive
salt, PhySAsFs, at room temperature showing the normalized
intensities, I(n,r), for positive, even-order, n-quantum coher-
ences (left to right) as the preparation time, 7, is incremented
(front to back). Note that a significant two-quantum coherence
is present at the earliest preparation time, v = 60 us, but that an
induction period of over 300 us is required for monotonic growth
of four-quantum coherence to begin. Even longer periods are
required for growth of the subsequent coherences to commence,
which is indicative of the longer time required to couple larger
numbers of ®F nuclei. Increasing 7 allows 1°F nuclei at larger
separations to participate in MQ coherences. For r > 420 us, the
Gaussian distribution of I(n,7) defines N(7), the effective number
of correlated °F nuclei (eq 1). (b) N(r) values obtained from
spectra analogous to those in (a) at 200 K, showing the monotonic
increase to >40-coupled °F as 7 is increased, where the dashed
line has been drawn to aid the eye.

intensities has been normalized to unity. Note that only
even-order coherences are observed due to the selective
excitation used. Higher orders of MQ coherence are seen
as 7 increases. The 2Q coherence develops first, followed
by higher orders, until 12-quantum coherence gains
significant intensity at the longest preparation times.

In Figure 2b, the number of effectively coupled spins,
N(7), is plotted as a function of the preparation time, for
Ph3SAsFs at 200 K. N(7) is obtained from a Gaussian fit
(eq 1) to the MQ intensity distribution, I(n,7), at each
incremental value of 7. The mean R? correlation coefficient
of these fits was 0.98. The dashed linein Figure 2b through
the data is drawn to aid the eye. A considerableinduction
time, 420 us, is required before 26 spins become correlated,
which is also evidenced by the lack of monotonic growth
for orders with n > 2 during this same time period in the
corresponding MQ spectrum of Figure 2a. This long
induction period reflects the large interanion spacing, of
approximately 7.7 A in the photoactive salt.2! The largest
value of N(r), reached at the longest excitation time, is
>40 spins.

In Figure 3, N(7) data for three metal-fluoride salt/
PnBMA or PiBMA films are plotted in comparison to the
dashed line of Figure 2b, characterizing the 98 % Ph3;SAsFg
N(7) growth rate. Note that the induction time required
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Figure 3. Similar growth of N(r), the effective number of
correlated '°F, for the three photoactive salt/poly(butyl meth-
acrylate) films: 1% PhiSAsFe/PnBMA (0), 1% Ph3SAsFg/
PiBMA (X), and 10% PhiSSbFs/PnBMA (+). The difference
between neither the isobutyl and n-butyl polymer side chains
nor Sh and As in the photoactive salt anion effects N(7). In fact,
the MQ data of all three samples follow that for 98% pure salt
(dashed curve) taken from Figure 1b, suggesting that the ionic
spacings within the aggregates in the film are the same as those
in the bulk salt.

Table II
Measured Glass Transition Temperature of Polymer Films
salt/polymer film M, Ty, °C
PnBMA 102 000 26°
PMMA 70 500 108
10% Ph3SSbF¢/PnBMA 102 000 32¢
10% Ph3SSbFe/PMMA 70 500 82
20% Ph3SSbFg/PMMA 70 500 68
2 From ref 5.

for coupling =6 spins and the growth rate of N(r) are
essentially equivalent for all three salt/polymer films, and
match those of the bulk salt, in spite of the fact that the
salt loadings in these films are only 1% or 10%. The
equivalence of the induction periods is an indication that
similar spacings between the metal-fluoride anions exist
in the polymer salt aggregates and the bulk salt. In
addition, both the arsenate and antimonate anions yield
the same N(7) growth curve, indicating little change in
anion spacing results from the difference in the metal atom.
Furthermore, since the spin correlation growth rates are
approximately the same for the films and the bulk salt,
the predominant level of aggregation in these films ismuch
larger than the length scale of the MQ experimental
technique. No evidence of small, finite clusters, which
would result in a plateau of a N(r) versus 7 plot, is observed.
Figure 3 also indicates that the practical upper bound on
the determination of N(7) is about 24 correlated spins in
these films. This upper limit is notably smaller than that
for the 98 % Ph3SAsFg salt sample and can be attributed
to the smaller amount of salt, by a factor of ~10, in the
NMR samples of the polymer films than in the bulk salt
NMR sample. Smaller samples yield correspondingly
smaller signals with poor signal to noise at shorter
preparation times than larger samples.

The MQ-NMR spectroscopic and DSC analyses of the
10% Ph;SSbF¢/PnBMA mixture are in agreement. For
this sample, DSC analysis shows a 6 °C increase in the
bulk polymer T (see Table II) in addition to a bulk salt
melting point peak,’ indicating that most of the salt exists
in an aggregated form with little or no mixing with the
polymer chains on a molecular level. The increase in the
PnBMA T is attributed to a salt aggregate antiplastici-
zation phenomenon. The quality of the fit of eq 1 to the
MQ coherence intensity distribution and the continuous
growth of N(r) obtained by MQ-NMR also indicate that
thesalt resides predominantly in an aggregated form which
has interion spacings similar to those in the bulk salt.
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Figure 4. Two-quantum (2Q) intensity, normalized by that of
the zero-quantum (0Q) coherence, as a function of preparation
time, 7, for three PMMA films with various weight percents of
photoactive salt; 1% Ph3SAsFg (solid triangles), 10% Ph;SSbFs
(solid circles), and 20% Ph;SSbF¢ (solid squares). In contrast
to the PnBMA and PiBMA films (Figure 3), no MQ coherences
with order >4 appear at any 7, suggesting the salt molecules are
intimately mixed within the PMMA matrix and thus are isolated
from one another. Note that when 7 = 60 us, the 2Q in the 98%
pure salt in Figure 1a is already quite intense while the 2Q has
just begun to develop for the 10% salt film, suggesting that the
latter has a larger interanion separation. Likewise, if the salt
remains disperse, increasing the overall concentration would
reduce the average interanion distance, thus increasing the 2Q/
0Q ratio. Indeed, the 20% salt film has the highest 2Q/0Q ratio,
while the 1% salt film has the lowest where both are <0.7, the
mean 2Q/0Q ratio for the 98% pure salt, indicating the high
degree of salt dispersion in the PMMA films,

The remaining films, all having a PMMA matrix with
either 1% PhsSAsFg, 10% PhsSSbFs, or 20% PhsSSbFs,
have MQ coherence growth, which implies that the metal-
fluoride anions are dispersed at a molecular level within
the polymer. Ifthe SbFg or AsFg anions were completely
dispersed, such that intermolecular dipole couplings were
negligible, only zero-quantum (0Q) intensity would be
observed. Nonzero MQ coherences could not be created,
since no significant intermolecular couplings exist and
rotation averages the anion 9F-19F dipole couplings to
zero in these materials. In fact, the 0Q intensity observed
represents self-coherence from the spin state of a single
nuclei, rather than the more statistically significant spin
flip—flops, among groups of nuclei in a strongly dipole-
coupled solid. As metal-fluoride anions are brought into
19F-19F interanion dipolar contact, nonzero MQ orders
will begin to develop. Molecularly dispersed metal-
fluoride anions in a polymeric matrix will have large in-
teranion spacings, producing smaller °F-1°F dipole cou-
plings than in pure salt crystals. Thus, the induction
period for continuous spin correlation, when the MQ
intensity distribution takes on a Gaussian shape (eq 1)
and N(r) = 6, will far exceed experimentally available
preparation times.

The metal-fluoride salt/PMMA films show varying
amounts of 2Q coherence, depending on salt concentration.
Nosignificant n-quantum intensity greater than 2 develops
for any of the PMMA films, even at the longest preparation
times, indicating long MQ coherence induction times and
larger interanion spacings than in the 98 % Ph3;SAsF, salt.
Thus, the salt is primarily dispersed at individual sites
throughout the PMMA matrix.

Inorder to compare the amount of 2Q intensity for these
films, the 2Q/0Q ratio has been plotted as a function of
the preparation time in Figure 4. Asthesaltconcentration
isincreased, the average distance between metal-fluoride
anions decreases, leading to increasing 2Q coherence
intensity which is observed in Figure 4. As expected, the
2Q intensity, normalized by that of 0Q, in these films is
much lower than the mean 2Q/0Q ratio of 0.7 observed for
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nearly pure salt.

The distribution of individual salt molecules in the
PMMA films is corroborated by the effect of salt loading
on the polymer T, shown in Table II. At 10% Ph3SSbFs
loading, the polymer T; of PMMA is depressed by
approximately 25 °C, indicating that the salt is acting as
a plasticizer and is intimately mixed with the polymer
matrix. At20% Ph3SSbFgloading, the T is decreased by
40 °C, indicating that additional salt becomes intimately
blended with the PMMA matrix, further plasticizing the
polymer.

With electron microscopy, one can determine the size
of visually contrasting aggregates in these amorphous films,
which are quite large with respect to the length scale of
MQ-NMR analysis. It is, however, impossible to make
any quantitative determination of the fraction of the total
salt sample which exists as the bulk salt, Aggregates on
the order of 1000 A in size have been observed in the liquid-
nitrogen fracture surfaces of 10% Ph3SShF¢/PMMA via
SEM.5 Similar aggregate size analysis was obtained with
bright-field TEM analysis of 10% Ph;SSbF¢ in PMMA.
Aggregates less than 2000 A in size were observed with
bright-field TEM measurements in a 20% PhsSSbF¢/
PMMA film. In addition, aggregates observed via TEM
were shown to be crystalline by electron diffraction. The
use of TEM was hindered by the susceptibility of both the
PMMA films and the photosensitive salts to electron beam
damage. In the homogeneous areas of the polymer film,
no contrast could be observed from the SbF¢~ anions, so
that the presence of salt molecules distributed on a mo-
lecular level in the polymer matrix could not be detected.

However, the lack of continuous growth of coherences
of order greater than 2 in the MQ-NMR spectra of the
10% and 20% Ph3;SSbFs PMMA films suggests that the
predominant state of the salt within the PMMA films is
a distribution of the individual molecules within the
polymer chains. Since the MQ signal represents the
weighted average of the distributed and aggregated
environments, aggregates must represent less than 5-10%
of the total salt in the film.

IR Spectroscopy. Other work involving BiBry/ PMMA
blends has shown that salt solubilized by interaction with
the carbonyl of the polymer leads to a splitting of the IR
carbonyl band.?? However, comparison of the IR spectra
of films of secondary standard PMMA (M,, = 93K) and
20% PhgSSbFe/PMMA demonstrated no shift of the
PMMA carbonyl peak from the addition of salt into the
polymeric matrix. Comparing the 5% Ph3SSbFs/PnBMA
film, which is opaque due to the highly clustered state of
the salt in the film,5 to the 20% Ph3SSbFg/PMMA film,
in which the salt is primarily dispersed, indicated no shift
in the IR bands which could be attributed to PhsSSbFg
due to differences in molecular mixing of the salt and the
polymer. The weak sulfonium salt/polymer plasticizer
interaction studied here does not appear to involve the
type of electron transfer between interacting chemical
functional groups that would lead to shifts in the IR
spectra.

Summary

The use of 19F MQ-NMR for observing phase segregation
in photosensitive sulfonium metal-fluoride salt/polymer
films on a 10-20-A scale has been demonstrated and
compared to the more established analysis techniques of
IR spectroscopy, DSC, and electron microscopy. Inte-
grating the results of all these characterization techniques
leads to the conclusion that the majority of the photo-
active salt in the nonpolar butyl methacrylate polymer



Macromolecules, Vol. 25, No. 7, 1992

films studied here, which have 1 or 10% w/w salt, exists
as aggregates >20 A in dimension. In some cases, the
aggregates are larger than 1 um in size. Inaddition, these
aggregates are crystalline with interion spacings similar
to that of the bulk salt. Films made with 10-20% w/w
photoactive salt in PMMA also contain large aggregates.
However, 1F MQ-NMR indicates that the majority of the
metal-fluoride salt in these films is intimately mixed as
individual molecules within the PMMA matrix. Assuming
resist sensitivity increases with the degree of salt disper-
sion, large salt aggregates observed by electron microscopy
do not necessarily significantly decrease sensitivity if they
account for only a small fraction of the total salt content.
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