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Fig. 3. Applications
of antistatic polymers I
based on radical scav-

enging. (A) For PS beads
contact-charged by shak-
ing in PS petri dishes, the
average density of charge
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decreases as one (middle) 0
or both (right) of the con-
tacting materials are doped
with DPPH. Error bars cor-
respond to standard devi-
ations of the charges on
25 beads used in each ex-
periment. See fig. $10 for
analogous experiments
with other materials. (B)
PDMS block-doped with
1 mM of DPPH contact-
charged against PS to

w

0.75 nC/cm? attracts much less small shreds and “de-dusts” completely within
~1 hour, compared with undoped PDMS piece in (C). (C) An equally shaped and
charged PDMS piece holds paper shreds for more than a day. Scale bar, 1 cm. (D)

same degree retains static electricity and paper
shreds for more than a day (Fig. 3C).

Arguably, the most impactful application of
the charge-radical regulation is illustrated in
Fig. 3D. There, PS doped with DPPH is used to
protect electronic components from failure due
to electrostatic discharge, which is a ubiquitous
problem in the microelectronics industry, dam-
aging semiconductor-based devices (either upon
direct contact or arcing) and resulting in losses
currently measured in billions of dollars per year
(5). The circuit shown comprises n-channel junc-
tion field-effect transistors (JFETs) (2N 4861A,
Solitron Devices) connected serially to light-
emitting diodes (LEDs). When exposed to con-
secutive positive/negative cycles of electrostatic/
corona discharge from an electrostatic gun, the
LEDs connected to undamaged transistors go
cyclically “on” and “off.” If, however, the accu-
mulation of static electricity on the gate dam-
ages the transistor, its associated LED should
always be “on” (23). In our circuit, we used four
types of transistors: #1 was an intact JFET; #2
was a JFET with the metal shield removed but
with the gate covered with a ~200- to 500-um-
thick layer of PS doped with 1.8% w/w DPPH,;
#3 had the shield removed, but the gate was
covered with pure PS; and #4 had the shield re-
moved with no polymer on the gate. As shown
in Fig. 3D, the ion gun causes the damage of all
transistors but #2, for which DPPH helps scavenge
the radicals produced by corona discharge, thus
destabilizing the accumulated charges and prevent-
ing the build-up of static electricity to damaging
levels (see fig. S11 and, for additional experiments,
fig. S12). Because similar effects are observed
with other types of polymers and scavengers we
studied—notably, the edible and biocompatible
vitamin E—our results can herald a general, tech-
nically straightforward and environmentally “green”
way of protecting electronics of various types
from the untoward effects of static electricity.
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Glassy Dynamics in Condensed
Isolated Polymer Chains

Martin Tress,® Emmanuel U. Mapesa,® Wilhelm Kossack,> Wycliffe K. Kipnusu,®
Manfred Reiche,? Friedrich Kremer'*

In the course of miniaturization down to the nanometer scale, much remains unknown concerning how and
to what extent the properties of materials are changed. To learn more about the dynamics of condensed
isolated polymer chains, we used broadband dielectric spectroscopy and a capacitor with nanostructured
electrodes separated by 35 nanometers. We measured the dynamic glass transition of poly(2-vinylpyridine)
and found it to be bulk-like; only segments closer than 0.5 nanometer to the substrate were weakly
slowed. Our approach paves the way for numerous experiments on the dynamics of isolated molecules.

any applications in modern technology
M(e.g., photoresists, sensors for drug de-

livery, batteries, etc.) rely on materials

that are subject to confinement and/or finite size
effects. How and to what extent the properties of
a material—especially a polymer—are changed
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under such conditions is a topic of intense debate
(I-8). The ultimate objective is isolated molecules
and their properties in comparison to the bulk.
Various techniques are available to deposit (9, 10)
and to manipulate (//) single low—molecular
weight polymeric molecules on a surface and to
characterize (/2—16) their structure and confor-
mation. In contrast, little is known about the dy-
namics in such systems as measured in a broad
spectral range and at widely varying tempera-
tures. Investigations have been limited to nano-
meter thin films of low molecular weight (/7) and
polymeric (/-7, 18) layers. Here, we report an ap-
proach (8) that enables the study of both con-
formation and dynamics of'isolated polymer coils
by combining atomic force microscopy (AFM)
and broadband dielectric spectroscopy (BDS).

Using nanostructured electrode arrangements
(19) (Fig. 1, A to C), we assembled a capacitor
with a separation of 35 nm and isolated polymer
coils deposited on one of the electrodes (Fig. 1D
and supplementary materials). As a model sys-
tem, we used poly(2-vinylpyridine) (P2VP), which
is known to establish attractive interactions with
the native silica on the silicon electrodes. Con-
sideration of the bulk density and the number-
averaged molecular weight enables us to estimate
the average volume of a single chain, Vi (Sup-
plementary materials). A comparison with the coils
shown in Fig. 1E (close-up and profile) reveals
volumes close to Vi, (left profile, V = 1.8V gyin;
right profile, V' ~ 0.4 Venain). In view of the mo-
lecular weight distribution, this diversity of volumes
is expected for single chains. The average coil vol-
ume corresponds to 0.9V in, hence on average,
there is only one (isolated) P2VP polymer chain
per nanodroplet. In the semi-isolated case, we de-
tected volumes equal to 7.8V gpin and 5.1V epain
for two different molecular weights (Table 1).

In BDS measurements, the dynamic glass tran-
sition is associated with the so-called o-relaxation
(20). Our measurements show that this relaxation
process is still present in samples containing only
isolated condensed polymer chains (Fig. 2). Be-
cause they, and similarly semi-isolated agglom-
erates consisting of ~5 to 10 chains, have a large
surface-to-volume ratio, one would expect nota-
ble interactions with the supporting substrate, as
is the case for thin polymer layers, for which the
literature predicts and reports enhancement or
reduction (/-3) of the glassy dynamics (depend-
ing on the type of polymer-substrate interaction).
Such changes would result in a shift of the o-
relaxation with respect to the bulk. Although
similar scenarios have been reported (/-3), the
results are contradictory. Several studies found no
alteration of the glassy dynamics in thin polymer
layers in the linear response regime (4—7). In our
measurements, the maximum position of the a-
relaxation in semi-isolated and isolated condensed

*Faculty of Physics and Earth Science, University of Leipzig, 04103
Leipzig, Germany. “Max Planck Institute of Microstructure Physics,
06120 Halle (Saale), Germany.

*Corresponding author. E-mail: kremer@physik.uni-leipzig.de

20 SEPTEMBER 2013 VOL 341

polymer chains shows (i) a Vogel-Fulcher-Tammann
(VFT) temperature dependence (see supplemen-
tary materials), which is the characteristic signa-
ture of the dynamic glass transition, and (ii) no
deviations from the bulk within the experimental
uncertainty (Fig. 3). A close look at the o-relaxation
peak reveals a broadening in the case of polymer

coils relative to the bulk; this is most pronounced
in the case of isolated chains (Fig. 2). The di-
electric loss spectra normalized with respect to
the peak maximum show that this broadening hap-
pens almost exclusively on the low-frequency side
(Fig. 3, inset). The observed broadening of the
o-relaxation peak accounts for 12% of the total

B Upper electrode with silica nanospacers

; Lower electrode
052 with polymer coils
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Fig. 1. Sample arrangement required to study condensed (semi-)isolated polymer coils by means
of BDS and their topography. (A) Two highly doped, conductive silicon electrodes (measures for bottom
and top electrode: 4 x 10 mm? and 1 x 1 mm?, respectively) are assembled to build the sample capacitor. (B)
The top electrode has an array of strongly insulating silica nanostructures as spacers on its lower side, which
cover about 1% of the surface area. (C) Spacers of a height of 35 nm, as shown in this AFM image, were used
to conduct measurements of condensed isolated P2VP chains. (D) AFM scans of the same sample studied by
BDS were taken to analyze the volume of the polymer coils. (E) Averaged profiles of two coils from (D) (shown
in the close-ups) demonstrate the variation in height, radius, and volume among the coils. The error bars
correspond to the standard deviation of the four height profiles as indicated by the colored lines (which are
the basis of the averaged profiles); this illustrates a high degree of symmetry within each coil. The percent
values give the volume proportion of the layer of chain segments in direct contact with the solid substrate.

Table 1. Specification of the polymers used and mean coil volume analysis of the condensed
polymer coils of the samples that have successfully been measured by BDS. The molecular weight
and number-average molecular weight (My, and M,, respectively) as well as the polydispersity index
(PDI) were determined by gel permeation chromatography.

Polymer 2 values

Polymer property Polymer 1 values

My (kg/mol) 1020 2250

M, (kg/mol) 766 1510

PDI 1.33 1.49

Ty (K) by DSC 371 (+1) 375 (+1)

Vehain (nm3) 1142 2251

Chain distribution Semi-isolated Semi-isolated Isolated
Vit (nm?) + SE 8864 (+2500) 11,564 (£3500) 2033 (+500)
Veoit'Vehain = SE 7.8 (+2.2) 5.1 (+1.6) 0.9 (+0.2)
Coil density (um™) 37.5 10.0 4.0
Area analyzed (um?) 8 8 13.75
Number of analyzed coils 300 80 55
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peak area, which is a measure of the number den-
sity of the fluctuating molecular dipoles. There-
fore, only this proportion of the mobile segments
no longer have bulk-like dynamics.

To connect this insight concerning the dy-
namics to the interfacial topology of the (semi-)
isolated polymer coils, the height distribution of

Fig. 2. Dielectric loss

M,, = 1020 kg/mol

the volume is deduced from AFM images. Be-
cause two or three monomer segments constitute
the structural unit underlying glassy dynamics
(21), this volume is subdivided into layers, each
with a thickness of ~0.4 nm, approximating the
width of a P2VP chain (/6). The most reasonable
conjecture is that the segments closest to the solid

M,, = 2250 kg/mol

€" versus temperature
for two different mole-
cular weights (labeled
at the top of each col-
umn) of P2VP bulk,
condensed semi-isolated
polymer coils and con-
densed isolated coils
at different frequencies
as indicated (same sym-
bol shapes denote same

-1.0

log &"

-1.5

frequendies in all pan-
els). (A and B) In the
bulk, the a-relaxation is
clearly visible. (C and D)
The same is true in the
case of condensed semi-
isolated (solid symbols)
and even isolated [(D),
open symbols)] P2VP poly-
mer chains. The decrease

-3.04

log &"

354"

A Thg
3\ \—lon

in dielectric strength (sig-
nal intensity) in the semi-
isolated and isolated coils
is due to the much smaller

T
380 390

400
Temperature (K)

390 400 410
Temperature (K)

T
410

filling fraction of the sample capacitor because £” is averaged over the whole capacitor volume. For clarity, a
conductivity contribution intrinsic to P2VP was subtracted. In the bulk measurements, the experimental error is
smaller than the symbol size; for the other measurements, the error bars correspond to the accuracy of the
dielectric measurement system (3 x 107). The dotted, dashed, and solid lines are Havriliak-Negami functions
extended with a VFT temperature dependence of the relaxation time 1,y fitted to the data (see sup-

plementary materials).

Fig. 3. Activation plot of the a-relaxation of
condensed semi-isolated and isolated P2VP
polymer coils and the respective bulk dynamics
for two molecular weights as indicated. The
dotted lines are VFT fits to the data; the error bars
indicate the accuracy of the determination of the
peak position of the a-relaxation. Inset: Dielectric
loss spectra (recorded at 407 K) of bulk, semi-
isolated chains, and isolated chains normalized by
the respective maximum value; the latter two are
broadened, especially on the low-frequency side,
which corresponds to the occurrence of longer
relaxation time modes. In the bulk measurements,
the experimental uncertainty is smaller than the line
width; for the other measurements, the error bars
correspond to the accuracy of the dielectric mea-
surement system (3 x 107°). The sketch at lower left
illustrates the length scale intrinsic to glassy dynam-
ics in comparison to the size of a single condensed
polymer chain.
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substrate (Fig. 1E) account for the slower relax-
ation modes in the case of attractive interactions,
as present in the investigated system. The volume
fraction of the first layer of segments in direct
contact with the solid substrate accounts for 25
to 30% and 15 to 20% of the total coil volume in
the cases of isolated and semi-isolated chains,
respectively. These proportions are considerably
larger than the fraction of slower relaxation modes
(~12%)), indicating that not all segments that are
in direct vicinity of the solid interface contrib-
ute to the detected slower dynamics.

Examination of the interactions at the P2VP-
silica interface using infrared (IR) spectroscopy
revealed that ~50% of the terminal hydroxyl (OH)
groups of the silica surface interact with the pyr-
idine ring of the P2VP segments (fig. S3 and
supplementary materials). Because the size of a
segment is similar to the distance between the OH
groups (22), we conclude that only about half of
the segments in the first layer at the interface are
subject to hydrogen bonding. Hence, the amount
of broadening found in the BDS data is in accord
with the volume fraction of the first segment layer
in the polymer coils. However, it remains unknown
whether the interacting proportion of segments
exhibits the detected slower dynamics, or wheth-
er they are completely immobilized and the slower
relaxations have to be assigned to those segments
neighboring the pinned ones. The latter scenario is
suggested by other studies on the adsorption of
polymer chains at solid interfaces (23).

A cooperative process such as the dynamic
glass transition (24) can take place even in con-
densed isolated polymer chains because the length
scale on which this fluctuation takes place—which
typically corresponds to two or three polymer seg-
ments (2/)—is much smaller than the extension
of the coil as a whole (Fig. 3, lower left).

Temperature (K)

430 420 410 400 390
6 1 1 1 1 1
T T
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My ® buk x00L i
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Lewis Acidity of Organofluorophosphonium
Salts: Hydrodefluorination by a

Saturated Acceptor

Christopher B. Caputo, Lindsay ]. Hounjet, Roman Dobrovetsky, Douglas W. Stephan*

Prototypical Lewis acids, such as boranes, derive their reactivity from electronic unsaturation.
Here, we report the Lewis acidity and catalytic application of electronically saturated
phosphorus-centered electrophilic acceptors. Organofluorophosphonium salts of the formula
[(C¢Fs)3_Ph,PFI[B(C4Fs)s] (x = 0 or 1; Ph, phenyl) are shown to form adducts with neutral Lewis
bases and to react rapidly with fluoroalkanes to produce difluorophosphoranes. In the presence of
hydrosilane, the cation [(C4Fs)sPF]* is shown to catalyze the hydrodefluorination of fluoroalkanes,
affording alkanes and fluorosilane. The mechanism demonstrates the impressive fluoride ion
affinity of this highly electron-deficient phosphonium center.

ploited as ligands in transition metal co-

ordination and organometallic chemistry;
however, the electrophilic nature of phosphorus
centers has garnered lesser attention. P(III) phos-
phenium cations have been explored by Gudat,
Burford, and Ragogna, among others (/, 2). In
recent computational work, phosphenium cations
have been predicted to exhibit fluorophilicities
comparable to those of known neutral Lewis acids,
but substantially weaker than those of electro-
philic cations such as [Me;Si]" (Me, methyl) (3).
Although P(V) Lewis acidity has been explored
less (4), it is noteworthy that the P(V) centers in
ylide reagents account for the classic Wittig re-
actions with ketones (5). Similarly, phosphonium
cations have been used to facilitate additions to
polar unsaturates (6) and Diels-Alder reactions
(7). In related efforts, Hudnall et al. have also

Phosphorus(IH) Lewis bases are widely ex-

Department of Chemistry, University of Toronto, 80 St. George
Street, Toronto, Ontario M5S 3H6, Canada.

*Corresponding author. E-mail: dstephan@chem.utoronto.ca
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recently exploited the acceptor capabilities of
phosphonium cations, in tandem with boranes,
to develop a series of fluoride ion sensors (8).
Whereas these findings reveal the Lewis acidity
of P cations, the chemistry of highly electrophilic
phosphonium salts remains unexplored. Target-
ing such systems, we reported nucleophilic at-
tack of a phosphine donor at an electron-deficient
organofluorophosphonium salt (9, 10), leading to
the phosphonium-difluorophosphorane product
[Ph3P(1,4-CsF4)Ph,PF,][O5SCF3] (Ph, phenyl)
(9). This behavior is reminiscent of the reac-
tivity of B(C¢Fs); (11), suggesting that [(CgFs)
Ph,PF]" and B(C¢Fs); have similar Lewis
acidity. Nonetheless, in contrast to the electro-
philic nature of borane species, which is derived
from the presence of a vacant p orbital, the Lewis
acidity of organofluorophosphonium cations re-
sides in the 6* acceptor orbital oriented opposite
the fluoride substituent (/2). Further, the trigonal
planar, electronically unsaturated nature of borane
Lewis acids make them reactive toward most
donor molecules. In contrast, phosphonium cat-

ions are electronically saturated and contain a
P center that is sterically shielded by a pseudo-
tetrahedral arrangement of substituents. As a con-
sequence, most phosphonium salts are unreactive
toward electron donors. Herein, the incorpora-
tion of electrophilic substituents at P is shown to
afford highly Lewis acidic phosphonium centers.
As a demonstration of their particularly strong
fluorophilicity, these organofluorophosphonium
cations are shown to directly activate C—F bonds
and to effect the catalytic hydrodefluorination
(HDF) of fluoroalkanes.

The electron-deficient phosphines (CgFs),PhP
and (C¢Fs);P are cleanly oxidized with XeF, to
give difluorophosphoranes (C¢Fs),PhPF, (1) and
(C¢F5)3PF, (2) in quantitative yields. These
species exhibit triplet resonances in their *'P{'H}
nuclear magnetic resonance (NMR) spectra at
chemical shifts [8/parts per million (ppm)] —54.8
and —48.0, respectively, with a one-bond coupling
constant ("Jpp) of ~695 Hz. In contrast to the more
electron-rich difluorophosphorane (C4F5)Ph,PF,
(13), neither 1 nor 2 undergoes fluoride ion
abstraction by the Lewis acids B(CgFs); or
Me;SiOTf (OTH, trifluoromethanesulfonate)
(9, 10), leading to our inference that the targeted
fluorophosphonium cations should exhibit com-
paratively stronger Lewis acidity. Nevertheless,
1 and 2 both undergo fluoride ion abstraction by
Al(CFs);'C7Hs (14) or [EtsSi][B(CsFs)4] 2C7Hg
(Et, ethyl) (15, 16) to generate the corresponding
fluorophosphonium salts [(CsF5),PhPF]X {X =
[FAICeFs))), 3; BCeFsul, 4} and [(CaFs)sPFIX {X=
[F(AI(CeFs)3)21, 5; [B(C6Fs)al, 6}, respectively
(Fig. 1). Products 5 and 6 were easily identified
by distinctive doublet resonances in their SpHy
NMR spectra at § 77.7 ("Jpp = 1042 Hz) and 67.8
("Jpp = 1062 Hz) and in their '°F NMR spectra at
8—121.9 (doublet of pentets, 'Jpr = 1042 Hz) and
—120.5 (doublet of septets, Upr = 1062 Hz),
respectively. The x-ray structure of 3 (Fig. 2A)
clearly reveals the tetrahedral geometry of the
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