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Abstract: This paper describes the fabrication and characterization of ionic electrets—materials that bear
a long-lived electrostatic charge because of an imbalance between the number of cationic and anionic
charges in the material. Crosslinked polystyrene microspheres that contain covalently bound ions and mobile
counterions transfer some of their mobile ions in air, in the absence of bulk liquid, to another material upon
contact. According to the ion-transfer model of contact electrification, this selective transfer of mobile ions
yields microspheres that have a net electrostatic charge. A tool that operates on the principle of electrostatic
induction measures the charge on individual microspheres (50—450 um in diameter). Microspheres with a
variety of covalently bound ionic functional groups (tetraalkylammonium, alkyltriphenylphosphonium,
alkylsulfonate, and arylsulfonate) acquire charges consistent with this ion-transfer mechanism. The charge
on a microsphere is proportional to its surface area (ca. 1 elementary charge per 2000 nm?) and close to
the theoretical limit imposed by the dielectric breakdown of air. The charge density in an atmosphere of
SF is more than twice that in an atmosphere of N,. These observations suggest that the charge density
of these ionic electret microspheres is limited by the dielectric breakdown of the surrounding gas.
Functionalizing the surfaces of glass or silicon with covalently bound ions and mobile counterions generates
ionic electrets from these inorganic substrates. Soft lithography can pattern charge on a planar silicon
surface (with oxide) and on the surface of 250-um glass microspheres.

Introduction of electroneutrality is taught starting at the beginning of
This paper describes the fabrication and characterization Ofmtroducto_ry chen_ustry textb(_)o%sv\l_e challenge this assu_mpnon
ionic electrets-materials that bear a long-lived electrostatic PY Préparing various materials with covalently bound ions and
charge because of an imbalance between the number of cationid0Pilé counterions that develop a macroscopic electrostatic
and anionic charges in the material. By introducing ionic groups Charge upon contact with another surface. This charge arises as
into a solid matrix, we can predictably and reproducibly create & result of an imbalance between the number of cationic and
ionic electrets: these ionic groups must have one type of charge2nionic charges in (or on) the material that occurs, on contact,
covalently bound and the other mobile. This method works well When @ small number of mobile ions transfer from one surface

with crosslinked polystyrene, glass, and silicon (i.e., with the t© the other.
silicon dioxide layer on the surface of silicon). We charge these ~ Similar materials find wide application in photocopying and
electrets by contact electrificatietihe transfer of charge from  laser printing, and the current understanding of the ion-transfer
one surface to another upon contausing a strategy based on mechanism of contact electrification comes from studies of
the ion-transfer model hypothesized by Diaz and co-workérs.  toners used in photocopiet8ecause contact electrification is
Using a tool that operates on the principle of electrostatic a simple and inexpensive technique for creating charged objects,
induction, we measure the charge on these materials, andan improved understanding of this phenomenon could lead to
demonstrate that the ion-transfer model correctly predicts the wider use of electrostatically charged materials and to the ability
sign of their charge. The magnitude of the limiting charge on a to predict, engineer, and pattern regions of net electrostatic
spherical ionic electret is proportional to its surface area; the charge. Electrostatically charged materials are otherwise pre-
dielectric breakdown of air appears to limit the amount of pared by techniques such as bombardment with an electron-
charge. We also pattern charge on the surface of planar andoeam or ion-beam or by exposure to a corona from a high-
spherical ionic electrets. voltage electrodé.Improved knowledge of the factors that
Chemists generally assume that bulk matter is electrically determine contact electrification could also aid in the prevention
neutral; ionic materials, in particular, are assumed to have anand control of unwanted charging of materiafs.
equal number of cationic and anionic charges. This principle

(4) See, for example: Petrucci, R. M.; Harwood, W. S.; Herring, F. G.; Madura,

(1) Diaz, A. F.J. Adhes1998 67, 111-122. J. D. General Chemistry: Principles and Modern Applicatipfearson
(2) Diaz, A. F.; Fenzel-Alexander, D.angmuir1993 9, 1009-1015. Prentice Hall: Upper Saddle River, NJ, 2007.
(3) Diaz, A. F.; Guay, JIBM J. Res. De. 1993 37, 249-259. (5) Pai, D. M.; Springett, B. ERev. Mod. Phys.1993 65, 163-211.
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Background mobile contact with

Properties and Uses of ElectretsThe termelectretorigi- counterion - other material

nated in the late 19th century to describe a material that is an EE\L?ETS: / | separation
electrostatic analogue of a permanent magnet. Although poled \ = m — of charge

electrets have macroscopic electric dipole moments, and are réa—éa—éil) réa—@—éil)
analogous in some sense to permanent magnets, space-charge — - - X

electrets, which bear a net electrostatic charge, have no magnetigge]gtrsﬁléat;%hematlc illustration of the ion-transfer mechanism of contact
analogue. Classical wax electrets, formed by cooling and '

solidifying molten wax in a strong electric field, have a
macroscopic electric dipole moment due to a net orientation of
molecular dipoles; similarly, poly(vinylidine difluoride), PVDF,
can be poled by subjecting it to a strong electric field above its pipes often leads to electrostatic charging. This charging can
glass transition temperaturggf and cooling it to belowTy in be a substantial hazard with pharmaceutical povideos
that field® Space-charge electrets are typically formed by adding hydrocarbon fuelé22 The charge accumulated on a person’s
charge onto the surface or into the bulk of a material with an body in a low-humidity environment is sufficient to destroy
electron-beam, an ion-beam, corona discharge from a high-¢qnsitive electronic equipmehts 24

voltage electrode, or direct contact with a charged electrode. The lon-Transfer Model of Contact Electrification. When

These t(_-:-chn_lqu_es can als_,o pattern charge in an eléctiet. . two solid surfaces are brought into contact and separated (with

Electronic or ionic charges_m space-charge electret_s may remaifiy without rubbing), charge is often transferred from one surface

on the surface or degper in the b.UIk of the m?‘te”a'- to the other in a process known as “contact electrification” or
Electrets are applied broadly in technologies that make a“tribocharging”?5v25 Despite its economic significance (both

pﬁwdgr o:hllqwd Zdhetrﬁ stelecutvelt))/' tot anottf;etrh objleci. AItefr beneficial and harmful), contact electrification remains poorly
charging the powder, the target object, or both, electrostalic,  ,qq si0q, especially at the molecular or atomic level. Even

Z())rces g“u Ld e the po;]/v d?r o (;]oat certa|hn regions dofdthe targ_et. the most fundamental question of whether the charge carrier is
one wet- nr?wq techpohogyt at usef]c arge-gur|] f pat(;err:_lngan electron or an ion is still under debd®:3" Nearly all

IS xerography, In Which a corona charges a pnofoconductive ,ierigs (metals, semiconductors, and insulators) undergo
imaging drum, light depletes the charge in cer?a.un r.eglons, and contact electrification under a wide range of environmental
toner_ powder (usually_charged by contact electrification) adheres conditions; it is likely that different mechanisms of electrification
specifically to the regions of charge on the drtiEilectrostatic dominate in different circumstances. There are two kinds of

;eparatlon technologies can separate coa_l from various IMPUN" 1 aterials for which there is general agreement on the mechanism
ties, and separate powders composed of different types of plastic

¢ lina123Electrostati d i d electrostati of contact electrification: (i) contact between two different
orrecycing. ectrostatic powder coaling and €leclrostaliC 5 ¢ yagults in the transfer of electrons owing to the difference
spray painting coat large objects with a uniform layer of plastic

q 84,15 similar techni | dered fi in work functions of the metal® and (ii) any contact with a
powder or paint;=similar lechniques apply powdered Navor-  iejg) that has covalently bound ions and mobile counterions
ings and salt to potato chiffsand popcord? (Our recent

. ; . results in the transfer of some of the mobile ions to the contacted
demonstration of electrostatic self-assembly of chemically

dified polvst . hefgss similar to electrostati surface! Diaz and co-workers investigated the latter process
modiiied polystyrene MICrospheress simiar to electrostatic and developed the ion-transfer model of contact electrification,
powder coating, though on a much smaller size scale.) Other

- . ) ; .~ shown schematically in Figure?
applications of electrets include electret microphones, in which . o -
; N . . The ion-transfer model makes two qualitative predictions.
the acoustical vibration of a thin electret membrane induces _. . . o .
. First, the sign of charge acquired by the ionic material (the
voltage fluctuations between two electrodesd Van de Graaff . :
. ionomer) should be the same as the sign of the covalently bound
generators, which rely on the storage and transport of charge, L
: : . ion. Second, the mobile ion should be observed on the other
on an electrically insulating betf. . ) . )
. . . . . surface after contact. Diaz confirmed both predictions using
There are many instances in which electrostatic charging must
be avoided. Helicopter blades (and helicopters) develop sub (20) Felici, N.: Larigaldie, SJ. Electrostat198Q 9, 5970,

)
(21) Bailey, A. G.Powder Technol1984 37, 71—-85.
(6) Electrets Sessler, G. M., Gerhard-Multhaupt, R., Eds.; Laplacian Press: (22) Morrison, I. D.Colloids Surf. A1993 71, 1—37.

stantial electrical charge when moving through air; this charge
can be lethal if a person approaches an ungrounded helicopter
that is near the grourd.The flow of liquids or powders through

Morgan Hill, CA, 1998.
(7) Gibson, N.J. Electrostat.1997, 40—41, 21-30.
(8) Greason, W. DIEEE Trans. Ind. Appl1987 23, 205-216.
(9) Jacobs, H. O.; Whitesides, G. 8cience2001, 291, 1763-1766.
(10) Mikihiko, K.; Norio, S.; Takehiro, D.; Hiroshi, F.; Takeshi, K.; Mitsuru,
E. Proc. SPIE-Int. Soc. Opt. En@001, 4334 263-270.
(11) Rezek, B.; Stuchlik, J.; Kocka, J.; StemmerJANon-Cryst. Solid2005
351, 31273131.
(12) Kwetkus, B. A.Particulate Sci. Technotl998 16, 55—68.
(13) Higashiyama, Y.; Asano, KRarticulate Sci. Technoll998 16, 77—90.
(14) Richart, D. S. IrKirk-Othmer Encyclopedia of Chemical Technolpdsh

ed.; Kroschwitz, J. I., Howe-Grant, M., Eds.; Wiley: New York, 1992;

Vol. 6, pp 635-661.

(15) Bailey, A. G.J. Electrostat.1998 45, 85-120.

(16) Ratanatriwong, P.; Barringer, S.; Delwiche].J-ood Sci2003 68, 1542—
1547.

(17) Miller, M. J.; Barringer, S. AJ. Food Sci2002 67, 198-201.
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materials that were made by melt-mixing a styrene-butyl silanes containing covalently bound ions and mobile counterions,
methacrylate random copolymer with various ionomers, such acquired charge upon contact, in accord with the ion-transfer
as poly(N-methylvinylpyridinium toluenesulfonate). These ma- model. (v) We wanted to demonstrate that ionic electrets could
terials served as models for xerographic torféréjey were be prepared with a pattern of charge. Using the techniques of
milled and sorted by size to yield ca. 1@ particles. Diaz soft lithography*®> we patterned charge on planar silicon surfaces
and co-workers measured the contact electrification of theseand on glass microspheres and imaged the patterns of charge
powders using a “blow-off” Faraday cage commonly used in using Kelvin probe force microscopy (KFKfy8 and electro-
the photocopying industrdf, and found that the sign of charge  static self-assembBp
agreed with the predictions of the ion-transfer model. He used
X-ray photoelectron spectroscopy to demonstrate transfer of the
mobile ion but not the covalently bound ion following cont&ct. Fabrication of lonic Electrets from Polystyrene Micro-
Other researchers also observed that ion-transfer accompaniedpheres.Scheme 1 shows our approach to the functionalization
the contact electrification of polymers doped with various of monodisperse crosslinked polystyrene microspheres of vari-
organic saltg243 ous sizes. After chloromethylating the polystyrene sphtres,
The ion-transfer model, in its most basic form, does not make we introduced various ionic functional groups, such as tet-
any predictions about the magnitude of charge expected fromraalkylammonium 1), sulfonate 2), and alkyltriphenylphos-
contact electrification. There are physical limitations on the phonium @). We also used a sulfonated azobenzene moiety
amount of charge that can be stored on an electret: when the(4).1® The degree of functional group substitution was suf-
electric field at the surface of the electret exceeds certain limits, ficiently low (~5 to 10% of the styrene residues) that these
dielectric breakdown of the surrounding gas, or field emission polystyrene resins remained hydrophobic: they did not swell
in a vacuum, will partially discharge the electfeb-4*Previous in water (unlike typical ion-exchange resins). Because there is
studies of the magnitude of charge attained by contact electri- a suggestion in the literature that water might play a role in the
fication had several limitations. The “blow-off” Faraday cage ion-transfer mechanism of contact electrificatinye prepared
measures the charge per umiaissof bulk powder, while the derivatives with both hydrophilic counterions (sodium or
charge per uniareadetermines the electric field at the surface. chloride) and hydrophobic counterions (tetraphenylphosphonium
Melt-mixed polymer powders, though relevant as a model for or tetraphenylborate) using ion exchange.
toner, likely exhibit phase segregation, an unknown surface A Tool for Measuring the Charge on lonic Electret
composition, and uncontrolled surface morphology. Microspheres. We designed and built a tool that can measure
the electrostatic charge on single microspheres. Figure 2a shows
the basic design of the tool; Figure S5 in the Supporting
We had five experimental objectives. (i) We wanted to test Information has a photgraph. This tool consists of four
the usefulness of the ion-transfer model of contact electrification concentric cylinders: a central polyethylene tube surrounded
in the design of materials that develop a certain sign of charge by two aluminum cylinders (electrically insulated from each
upon contact. Chloromethylated crosslinked polystyrene mi- other), all enclosed inside a grounded steel cylinder that shields
crospheres (Merrifield resin) offered a versatile matrix on which the device from stray electric fields. A shielded triaxial cable
we could generate various ionic functional groups. Upon contact connects the two aluminum cylinders to an electrometer. One
with another surface, microspheres with bound cations becameend of the polyethylene tube is connected to house vacuum,
positively charged, while microspheres with bound anions while the other end is open to the atmosphere. When the open
became negatively charged. (ii) We wanted to measure theend of this tube is brought near a charged bead, the flow of air
charge per unit area of these ionic electret materials. Using adraws the bead through the polyethylene tube.
tool specifically developed for this purpose that can measure The electrometer, in charge-measurement mode, acts as an
the electrostatic charge on single microspheres, we measuredntegrating ammeter: it maintains the two aluminum cylinders
charge as a function of surface area for microspheres with at the same electrical potential and measures the total flow of
diameters of 56450 um. (iii) We wanted to determine the charge (the time integral of the current) between them. The
maximum charge that an electret can acquire through contactelectrometer averages this charge over a period of 1/60 of a
electrification and identify the factors that influence this second and records the average charge. Because there are no
maximum charge. By comparing the maximum charge of free charges in the space between the cylinders, the potential
electret microspheres containing various ionic groups under in that region is described by Laplace’s equation. The constant
various conditions (different humidity, various gases), we found electrostatic potential on the boundary yields a unique solu-
that the dielectric breakdown of air or the surrounding gas limits tion: a constant electrostatic potential throughout the region
the maximum stable charge on a spherical electret. (iv) We between the cylinders. This constant potential means that there
wanted to make ionic electrets from materials other than is no electric field in the space between the cylinders, so the
polymers. The surfaces of glass and silicon, functionalized with total flux of the electric field through a cylindrical Gaussian

Results and Discussion

Experimental Design

(39) Macholdt, H. T.; Sieber, Al. Imaging Technol1988 14, 89—93. (45) Xia, Y. N.; Whitesides, G. MAngew. Chem., Int. EA.998 37, 551-575.
(40) Schein, L. B.Electrophotography and Delopment PhysicsLaplacian (46) Martin, Y.; Abraham, D. W.; Wickramasinghe, H. Wppl. Phys. Lett.

Press: Morgan Hill, CA, 1996. 1988 52, 1103-1105.
(41) Diaz, A. F.; Wollmann, D.; Dreblow, DChem. Mater1991, 3, 997—999. (47) Nonnenmacher, M.; Oboyle, M. P.; Wickramasinghe, HA§pl. Phys.
(42) Mizes, H. A.; Conwell, E. M.; Salamida, D. Rppl. Phys. Lett199Q 56, Lett. 1991, 58, 2921-2923.

1597—-1599. (48) Jacobs, H. O.; Knapp, H. F.; Stemmer, Rev. Sci. Instrum.1999 70,
(43) Law, K. Y.; Tarnawskyj, I. W.; Salamida, D.; Debies, CThem. Mater. 1756-1760.

1995 7, 2090-2095. (49) Itsuno, S.; Uchikoshi, K.; Ito, KJ. Am. Chem. Sod99Q 112 8187
(44) Meek, J. M.; Craggs, J. CElectrical Breakdown of Gase£larendon 8188.

Press: Oxford, 1953. (50) Pence, S.; Novotny, V. J.; Diaz, A. Eangmuir1994 10, 592-596.
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Scheme 1. Synthetic Scheme for the Functionalization of Crosslinked Polystyrene to Yield lonic Electrets with Various lonic Functional

Groups?
NH2—< >—SO3H
° NaNO,
HCI
() SnCly (cat.) /
0 © CHCf3 o ®
Me;SiCl Cl NZOSO3H
phenol
&
I -

NMP
A\
Me,S N@—sowa

MeOH NaOEt

eO e C° PwF
Q
C U :
._._\SMezm NMP 0 Ny
N
4 ( )

1 e
SO,

NaBPh, Na,S0; °

DMF H,0 Na

Ph,PCI
° DMF
clo e
Sy e e GR o
SO; Na PPh; OON\\ o
2 3 6

@
Ph,P
aThe Experimental Section provides experimental details.

surface constructed between the inner and outer cylinders mustsuch collisions are likely. As we shall discuss later, however,
be zero. By Gauss’s Law, the total charge on the inner cylinder this baseline shift is not statistically significant.
and any of its contents (e.g., a charged bead) will always be Measuring the flow of charge between two concentric
zero. When a positively charged bead enters the centralcylinders, rather than measuring the charge induced on one
aluminum cylinder, electrons flow from the outer cylinder to electrode relative to ground, helps to minimize the inevitable
the inner cylinder (Figure 2b) in order that ttetal charge on noise and charge fluctuations of the ground. The digital
the inner cylinder plus the bead remains equal to zero. The electrometer has a precision of 10 f&§0 000 elementary
amount of charge that flows through the electrometer is equal charges); the baseline rms noise (peak-to-peak) of our device
to the charge on the bead. When the bead exits the innerwas less than 20 fC. The smallest beads that we measured (50-
cylinder, these induced charges flow back through the elec- um diameter) had charges that were ca. 40 times the rms noise.
trometer. The device makes two measurements of charge for We scrutinized any peaks that lay more than three standard
each bead: first, when the bead enters the inner cylinder, anddeviations from the mean for a given sample of beads and would
second, when the bead exits the cylinder. exclude a peak from our analysis of the data in two situations.
Ideally, a graph of charge as a function of time for a single Sometimes, more than one bead would pass through the device
bead should yield a symmetric square-shaped peak. Figure 3at the same time. We usually noticed these events during the
shows an example of an actual peak. The internal averaging ofcollection of data, and the resulting peaks had multiple plateaus,
the electrometer results in some interpolated data points, suchas shown in Figure 3b. These peaks were higher than the other
as the one marked with an asterisk in the figure. The width of peaks, and had a total charge that was a whole-number multiple
the square peak indicates the length of tim&@ microseconds)  of the charge on a single bead. At other times, a bead would
required for the bead to traverse the central aluminum cylinder pass through the device so rapidly that the electrometer, with
(a distance of 1 meter). The charge on the bead when it entersits internal averaging, would not capture the full charge of the
the device (the leading-edge charge) is equal to the differencebead. Since a very narrow square peak, upon averaging, yields
between the top of the peak and the initial baseline, while the a much lower triangular peak, these events would lead to peaks
charge on the bead when it exits the device (the lagging-edgewith only a single data point at the apex, and an unusually low
charge) is equal to the difference between the top of the peakcharge. Using both of these criteria, we rejected about 5% of
and the final baseline. Note that the baseline shifts: the leading-the peaks collected in any given experiment. We retained any
edge charge is not equal to the lagging-edge charge. Apparentlystatistical outliers that did not have an obviously erroneous peak
the bead emerges with a different charge than it had when it shape.
entered. We believe that the bead collides with the walls of the  Figure 4a shows an example of the raw output from the
polyethylene tube as it travels through the device, and theseelectrometer for measurements of charge of 41 positively
collisions result in contact electrification reflecting transfer of charged, 20@:m-diameter beads with alkyltriphenylphospho-
charge between the bead and the tube. The flow of air throughnium functionality 8). We eliminated one peak from the data
the device is turbulent (average velocityO m/s, for a Reynolds  because it had an unusually low charge and only a single data
number of~6000), and the tube is not perfectly straight, so point at its apex. The peaks have various widths, indicating that
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......... Figure 3. (a) An example of a peak resulting from the passage of a single

positively charged bead through the apparatus. The leading-edge charge,

lagging-edge charge, and baseline shift are indicated. The datum indicated

FFF I with an asterisk %) is an artifact of the internal averaging used by the
electrons flow back electrometer. (b) An example of a peak resulting from the passage of two
from inner cylinder positively charged beads together through the apparatus. Such a peak would
to outer cylinder be excluded from the data analysis. (c) An example of a peak with only a

single datum at its apex that resulted from the very rapid passage of a single

positively charged bead through the apparatus. The mean and standard

@ — deviation of other beads in the same sample is indicated; the observed peak

a E falls more than three standard deviations below the mean. Such a peak would

. - ~ also be excluded from the analysis.
Figure 2. (a) Schematic illustration of the apparatus used for measuring

the charge on individual microspheres; (b) schematic of the process by which

he apparatus measures the charge on a microsphere. charges on the beads, and are not mere artifacts of the

uncertainty of our measuring device.)

beads traverse the device at different average speeds. The Figure 5a shows measurements of the reproducibility of our
turbulent flow of air and random collisions between the bead Charge-measuring device using 200-diameter beads having
and the tube are consistent with this observation. The width of immobilized tetraalkylammpmum cations and mobile anidys (
each peak is not correlated with the charge measured for thatl\{leasurements of three different samples of the.se. bead§ on a
bead. The heights of the peaks appear to be similar. Both single day yielded mean charges that were statistically indis-

baseline shift (bead-to-bead) and overall baseline drift are tinguishable. Measurements r_nade on Fhree oth(_er_ days, over a
evident. span of 7 months, under various ambient conditions of tem-

. o ) ) perature and humidity, had statistically significant differences.
A simple peak-finding algorithm calculated the leading-edge \yhen we sought quantitative comparisons between different
charge and the lagging-edge charge for each peak. Figure 4 partgyiches of beads, we measured the various beads on a single

b, ¢, and d show histograms of the leading-edge charge, theqay to ensure that these comparisons would be statistically
lagging-edge charge, and the average charge, respectively, fofneaningful. Measurements made on different days are repro-
the 41 beads measured in Figure 4a. The differences betweenyciple to within about one standard deviation (ca. 25% of the
the mean charges determined by these three methods are nghean charge). We show later that differences in the ambient
statistically significant, as confirmed by pairgdests. For  humidity can explain the variations in the amounts of charge
consistency in comparing different experiments, we used only observed on different days.

the leading-edge charge, which better represents the charge on Following the procedure used in our previous communica-
the bead when it enters the device and is more informative, we tion 18 we charged the electret beads by placing them in an
believe, than the other measures of charge. We presentaluminum dish and manually agitating the dish at a frequency
histograms to highlight any statistical outliers: in particular, of ~3 Hz for ~1 min before making the measurements of
we wish to draw attention to any beads that had a different sign charge. (We later found that extensive agitation was not
of charge from the other beads in a sample. (Later in this paper,necessary. As we discuss in the next paragraph, the brief contact
we will provide evidence that the broad distributions of charge between the beads and the polyethylene tube inside the charge-
seen in these histograms indicate an actual distribution of measuring device imparted substantial charges to these beads.)
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ARTICLES McCarty et al.

a) 0.04 a) 0.030 I S
e S s
0.03 ~ ’ H‘ Electrometer output Q2 0.025 ] ‘%//\ Q// P -
’ : < k| W
_ 0.02 111 M (raw data) > 0.020 7 > & ° p
g i " 2 ] ! »° S
E 001 4" . 5 0.015 ] ~
:‘:" i H o ]
g 04 | / £ 0010
o 1 8 ]
001 4 v =41 beads 1 JHU HJW ‘ © 0005 3
o |8 0.000
008 A collected on collected on
0 20 rime (s) 40 60 same day different days
b) b) 0.020
2 N
S10- O © pg &
2 1 Leadingedge E 00153 ~ N ~ %//
S ©  N=41beads % y: ")
5 57 mean=0013nC 2 olo ] S
g 1 st.dev.=0.003nC | 2 0 I i I A = iy --- -
5 7 | o
z 0 T %ﬂ
-0.02 -0.01 0 0.01 0.02 6 0.005
Charge per Bead (nC)
0 0.000 B
2 ] s ¥ 5§ & ¥
310 - . s < R
- 1 Lagging edge S )
“ 1 N=41 beads X Material contacted
E 57 mean=0.014nC o
E | stdev.=0.002nC 0.030 4
[ S ‘l ‘‘‘‘‘‘‘ Q 0.025 t.bifct{re y atﬁ:,.r
< 1 anti-static gun anti-static gun
-0.02 -0.01 0 0.01 0.02 3 0020 ,
Charge per Bead (nC E
4 reep @O % 0015 & N
g 10 1  Average of leading edge %) 0.010 E
2 7 andlagging edge S 0.005 ]
e 1 N=41 beads ] Iil
55 a 0.000 x . .
2 - mean=0.013nC ° ° o °
E - stdev.=0002nC | 0 0 3 0
0 s g g g
Z. T T T T T T LI o ST o B B B B go 'Séo go A,géo
-0.02 -0.01 0 0.01 0.02 § & § &
G [3) \?
Charge per Bead (nC) ~N N N

Figure 4. (a) The electrometer output from the measurement of 41 FigL_/re_5. (a) Comparisons of the measurements of charge (mgan,standard
positively charged 20@m-diameter beads with alkyltriphenylphosphonium  deviation, and number of beabl§ for different samples of 20am-diameter
functionality @); contact with aluminum charged the beads. The peak tetraalkylammonlum_ beadg)(obtained on a single day or on dlff_erent days.
indicated with an asterisk) was excluded from the data analysis for reasons Contact with aluminum charged the beads. (b) Comparisons of the
explained in the text. (b-d) Histograms of the measurements of charge Measurements of charge (from a single day) for different samples of 200-
extracted from the electrometer output shown above; the superimposed curvetM-diameter tetraalkylammonium beadj ¢harged by contact electrifica-

is the normal distribution calculated from the mean and standard devia- tion against various materials. The dashed line indicates the mean of the
tion: (b) the leading-edge charge, (c) the lagging edge charge, and (d) theMeans. (c) Measurements (on a smgle_ day) showing the effect Qf an antistatic
average of the leading-edge and lagging-edge charge. gun (Zerostat) on the charge of 2f-diameter tetraalkylammonium beads

. . . . (1) charged by contact electrification against polyethylene. (Figures S1, S2,
Figure 5b compares the results of using various other materialsang s3 in the Supporting Information provide histograms of all the data

for the contact electrification of these beads. The beads wereshown in this figure.)

agitated in a glass vial, or rolled between two sheets of polymer

film—polyethylene (PE), poly(hexamethylene adipamide) (Nylon- ~ We sprayed beads with neutralizing ions from an antistatic
6,6), or poly(tetrafluoroethylene) (PTFEpefore making the gun (Zerostat) and measured their charge. Figure 5c¢c shows the
measurements of charge. Although the differences between soméneasurements of charge before and after this antistatic treatment.
of these measurements are statistically significant, the generalThe neutralizing ions reduced the charge on the beads (measured
magnitude of charge is the same; more importantly, the sign of at the leading edge) to 20% of their full charge. The charge
charge is always the same. In particular, the similar results for measured at the lagging edge, however, was nearly the same
Nylon and PTFE, two materials that are at opposite ends of the for samples that had been treated with the antistatic gun and
“triboelectric series®>>!*?suggest that the ion-transfer mech-  those that had not been treated. This observation confirms that
anism of contact electrification for ionic electrets overrides any contact with the polyethylene tube charges the bead as it passes
intrinsic triboelectric properties of the contacted material. The through the charge-measuring device. Evidently, there is suf-
introduction of covalently bound ions and mobile counterions ficient contact between the bead and the 1-meter-long tube to
yields predictable electrification upon contact with a wide variety charge the bead t980% of its full charge; this contact occurs

of materials. over a duration of 15150 milliseconds (the range of transit
(51) Diaz, A. F.: Felix-Navarro, R. MJ. Electrostat2004 62, 277-290 times observed for this sample of beads). This observation is
(52) Henniker, JNature 1962 196, 474. ' consistent with our hypothesis that the turbulent flow of air
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Figure 6. Histograms (charge per bead) for functionalized polystyrene beadsu@0fiameter) charged by contact with aluminum. The superimposed
curves show the normal distributions calculated from the mean and standard deviation of each set of data.

inside the tube leads to repeated collisions between the beadunctionalization of these microspheres, we estimate that there
and the walls of the tube. is roughly one functional group per 10 Awf surface, so contact
The Charge on Various lonic Electrets is Consistent with electrification appears to separate only a small fractie®.$%)
the lon-Transfer Model. Figure 6 shows histograms of charge of the mobile counterions on the surface from their covalently
measurements for 2Q0@m-diameter microspheres with various bound partners. We obtained similar measurements of charge
ionic functional groups. Every bead had the same sign of chargefor beads that had been stored in air for several months or for
as the covalently bound ion, as predicted by the ion-transfer beads that had already been passed once through the charge-
model of contact electrification. No beads were uncharged. measuring device.
Changes in the functional group or the counterion did not lead The Charge on a Spherical lonic Electret Is Proportional
to significant differences in the amount of charge. These resultsto Its Surface Area. We measured the charge on tetraalky-
indicate that the ion-transfer model offers a predictable and lammonium-functionalized microspherely (vith diameters of
rational approach to materials that will become electrostatically 50, 100, 200, and 45@m. The inset in Figure 7a shows the
charged upon contact. It is difficult to see how an electron- linear correlation between the charge on a bead and its surface
transfer mechanism can explain these results. For instance, wearea; because two of the data cluster near the origin, we show
observed the same sign and magnitude of contact electrificationon the larger graph the correlation between the square root of
when we replaced the chloride aniob) (with the tetraphe- the charge and the diameter of the bead. (Compared with the
nylborate anion%), even though the latter is a far better electron other beads, the 450m beads had greater polydispersity in size,
donor. which could contribute to the larger standard deviation in their
The magnitude of charge~0.01 nC per bead) was similar  charge.) All beads had roughly the same surface charge density,
for both positively charged and negatively charged microspheres.ca. 1 elementary charge per 2000°n&though the ion-transfer
Assuming that the charge is distributed uniformly on the surface model of contact electrification does not specifically predict that
of each bead, the magnitude of charge corresponds to ca. oneharge should be proportional to surface area, this observation
elementary charge per 2000 Airdn the basis of the degree of is not surprising for a process that takes place at a surface.
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a) ] have charge densities about three times that limit. The electric
0.05 Breakdown field around a spherical distribution of charge depends only on
limit for the total charge inside the sphere (by Gauss's law), and does
spheres not depend on whether the charge is on the surface or in the
interior of the spheré? According to Harpef? electric fields
. ’ stronger than 30 kV/cm will not cause dielectric breakdown if
the high field is confined to a small region of space. Because
. the magnitude of the electric field at a distamdeom the center
R*=0.98 of a charged sphere diminishes in proportion t?,14 small
g charged sphere will have a strong electric field only near its
N cI® surface. In addition, since the electric field around a spherical
1. distribution of charge depends only on the total charge inside
o the sphere, the dielectric constant or other properties of the
0 100 200 300 400 500 sphere itself do not affect the electric field at the surface or the
propensity for dielectric breakdown. Harper proposed that the
minimum electric field that will cause dielectric breakdown
Q around a small charged sphere in dry air is empirically described
0.04 ] é’ by the formula in eq 1r(= radius in cm):
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calculated using this formula. (The limiting charge is not exactly
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electric field than large beads.) The average charge on our ionic
electrets is close to this breakdown limit, which suggests that
&° the dielectric breakdown of air determines the ultimate limit of
£ the stable charge on these materials: any charge separation
Figure 7. (a) Linear correlation between the square root of the bead charge beyond th',s limit would result in a discharge. 'ThIS hypothesis
and the diameter of the bead. (All beads had tetraalkylammonium May explain why we observe only a small fraction of the charge

functionality 1 and were charged by contact with aluminum; measurements that could be attained if every mobile ion were transferred during
were made on a single day.) The dashed line indicates the surface charg%omact electrification.

(calculated using eq 1) that would lead to dielectric breakdown of air around . . . .
a small charged sphere. The inset shows the linear correlation between the Different gases have different thresholds for dielectric

bead charge and the surface area of the bead. (b) Measurements of chargbreakdowrp? Dry air, humid air, oxygen, nitrogen, and carbon
ff?r ZQO#m-_diamEtlertﬁtflaalkygammoniugn b?ﬁ@‘@har%?ds lll_g' contactwith  dioxide all have similar dielectric strengths. The noble gases
aluminum in a polyethylene bag purged with argos, gases, or at . . :
various levels of humidity (dry nitrogen, 40% RH, or 80% RH). have d|elec_tr|c strengths tha_t are much lower than that of air
(argon, for instance, has a dielectric strength about one-fourth

The Maximum Charge on a Spherical lonic Electret Is that of air). Halogenated gases such as C€hlorofluorocar-

Atmosphere

Limited by the Dielectric Breakdown of the Surrounding bons, and Sfhave the highest dielectric strengths {3fas a
Medium. The maximum stable charge on an electret is typically dielectric strength about 2.5 times that of air). We compared
determined by the process of dielectric breakdeitire flow the charges attained by ionic electrets in atmospheres of argon,

of current through an otherwise insulating material owing to Nitrogen, and SE(Figure 7b). The beads charged in argon had
cascading ionization in a high electric fild544Charge on the charges about one-third that of beads charged in nitrogen, while
surface of an insulating sphere can be discharged by two the beads charged .in SRad charges more than twice that of
methods: (i) through a gas (by dielectric breakdown of the gas), P&2ds charged in nitrogen. Although we cannot compare these
or (i) upon contact with another surface because of some ratios quantitatively with the relative dielectric strengths deter-
conductivity (presumably, in this case, ionic) on the surface of mined in uniform electric fields (the relative dielectric strengths
the sphere. In the case of gaseous breakdown, charge on th@f various gases depend on the geometry of the electric field),
sphere will flow through the ionized gas to some other material the general trend is consistent with our hypothesis:  dielectric
that need not be in contact with the sphere. In the case of surface’ré@kdown of the surrounding gas determines the maximum
conductivity, charge can flow along the surface of the sphere charge on these ionic electret microspheres. Since the strength
and dissipate onto a material in contact with the sphere. As we of the electric field causes dielectric breakdown, and the electric

shall discuss, the adsorption of water at high ambient humidity field outside a charged sphere depends only on the charge inside
increases the surface conductivity of most matefals. the sphere, the dielectric breakdown of air (or the surrounding

The threshold for dielectric breakdown of air in a uniform medpm) would presgmably Impose a s'|m||ar limit on al
electric field is approximately 30 kv/ci. Applying. this spherical electrets. (Dielectric breakdown imposes an ultimate
criterion to our electrets, and assuming that the charge is limit on the stable charge @il electrets but the electric field
uniformly distributed on the spherical surface, we would predict strength for nonspherical geometries depends on the specific

alimiting charge density of 1 charge per 6000naur electrets charge distribution and dielectric properties of the materials.)

(54) Blair, D. T. A. InElectrical Breakdown of GaseMeek, J. M., Craggs, J.
(53) Seaver, A. EJ. Electrostat2005 63, 203—-222. D., Eds.; John Wiley and Sons: Chichester, U.K., 1978; pp-5&53.
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Figure 8. (&) The left graph shows repeated measurements of charge on four differentd8i@meter microspheres with tetraalkylammonium functionality

(2); the right graph shows a histogram of single measurements of charge for 65 such beads. (b) Histogram of the measurements of change of 200-
diameter microspheres with tetraalkylammonium functionalify fit with a Gaussian distribution. (c) The same histogram shown in panel b, fit with a
[-distribution.

Humidity plays a complicated role in the discharge of long tube. The new device had a 16-meter-long polyethylene
electrets. The threshold for dielectric breakdown of air increasestube that looped 25 times through two charge-measuring
slightly with humidity: the dielectric strength of air at room concentric cylinders. (Figure S6 in the Supporting Information
temperature increases by about 2% when the relative humidity has a schematic and photograph of this device.) Because the
is increased from 40% to 9598 This observation suggests that flow of air through this tube resulted from the drop in pressure
slightly greater charge could be stored under humid conditions between atmospheric pressure and house vacuum over a distance
than under dry conditions before the onset of breakdown. of 16 meters, the average velocity of air was slower in this
Surface conductivity, on the other hand, increases substantiallydevice &8 m/s) than in the other device~f0 m/s). The
with humidity, as conductive layers of water form on solid Reynolds number was450, within the regime of laminar air-
surface$® We compared the charges on electret microspheresflow. The flow of air drew a single charged bead through the
charged at three different levels of humidity: in dry nitrogen, tube, and the charge-measuring cylinders (connected to an
at 40% RH, and at 80% RH (Figure 7b). The limiting charge at electrometer) measured the charge on that bead 25 times as it
40% RH was comparable to that observed in dry nitrogen, but traversed the coiled 16-meter tube. Presumably, the laminar flow
the limiting charge at 80% RH was about 35% less than that of air reduced the frequency of collisions between the bead and
observed in dry nitrogen. Note that the charge observed underthe walls of the tube, although some collisions still occurred
ambient conditions on different days (Figure 5a) also varied by because the path of the bead through the coiled tube was not
~35%. We speculate that at high humidity, the layer of adsorbed straight. In addition, the slower flow of air (compared with the
water on the surface of these microspheres makes the surfacether device) meant that a bead would sometimes adhere to the
more conductive than at low humidity (presumably throughionic side of the tube and stop moving; applying a “puff’ of
conductivity). Under these conditions, charge on a sphere canpressurized nitrogen dislodged the bead and allowed it to move
dissipate when that sphere comes in contact with another surfaceagain. Typically, a bead passed through the charge-measuring
Other reports have found an increase in the rate of contactcylinders every 0.5 s.

electrification with increased humidify, or a maximum in With this device, we can study the kinetics of contact
contact electrification for moderate humidity, with less contact g|ectrification of an uncharged bead; we will report on such
electrification under very dry or very moist conditiots. kinetic measurements in a subsequent publication. Of interest

The Phenomenon of Dielectric Breakdown Explains the  for this paper is our direct observation of electrical discharges
Broad Distribution of Charge. To understand better the  (rjgyre 8a). The graph on the left shows examples of repeated
electrical discharge of these microspheres, we built a modified neasurements of the charge of a single positively charged, 450-
version of our charge-measuring device that could measure ,m_giameter microsphere as it cycled through the device. (The
repeatedly the charge on a single bead as it traveled through &qyr separate curves on that graph represent four different beads.)
(55) Wiles, J. A: Fialkowski, M.: Radowski, M. R.: Whitesides, G. M. 1€ charge on each bead gradually increased with each cycle

Grzybowski, B. A.J. Phys. Chem. B004 108 20296-20302. through the device, sharply decreased in a single cycle
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(highlighted in bold on the graph), and gradually increased again.
These results show the charging of the bead by contact
electrification between the bead and the polyethylene tube,
interrupted by a discharge event that presumably results from
the breakdown of air. (We note that the rate of charging of beads
in this device is much slower than that observed in the other
device, presumably because the turbulent flow of air in the other
device results in more frequent contacts between the bead and
the polyethylene tube.) The dotted line on the graph shows the
threshold for dielectric breakdown (estimated by eq 1). In each

[ J]«——glass substrate

l dip-coat with 1M sucrose

| |«—— sucrose film
' I (~1oum)

l add glass spheres

«—— glass spheres
(250 pm dia.)

case the charge on a bead increases to some amount above that
limit, and then the discharge reduces the charge to significantly
below that limit. The initiation of a breakdown event requires
the adventitious presence of a gaseous ion or electron in the
region of high electric field near a be&tand the cascading
ionization of the gas is a highly nonlinear process, so each
breakdown event is different. dissolve l

l evaporate Zn

The somewhat random nature of these breakdown events can S
explain the broad distributions we observe for these charged i
electret microspheres. The histogram at the right in Figure 8a
shows the distribution of charges for 65 of the same 480-
diameter positively charged beads, measured using our usual
device. Note that the range of charges observed during repeated
measurements of single beads (the graph on the left) is silanize

comparable to the range of charges observed for single hd Sl o
7 2 / 3 / 3 e,
o .

measurements on many beads (the graph on the right).
NMe, CI

To determine better the shape of this distribution, we
measured the charge on 414 individual 208-diameter
positively charged microspheres using our usual charge-measur-
ing device. Figure 8b shows the histogram of these measure-
ments, along with the best-fit Gaussian curve. The Gaussian silanize )aSi Oz H
distribution cannot model the slight but obvious skewness in Y 0@
the experimental data. Figure 8c shows the same experimental
data fit with a beta distributioPf The parameters of the beta
qiStribUtion have no ph-ySical significance, but this diStribUtio-n Figure 9. Schematic representation of the procedure for fabricating glass
fIFS t.he _Skewed experimental data better than the GaUSSIanbeads With half-and-half functionality: half of the bead has covalently bound
distribution does. Indeed, most of our measurements of chargesuifonate groups, while the other half has covalently bound alkyltrimethy-
show skewed distributions, although the distributions are not lammonium groups. The inset shows a dark-field optical micrograph of
all skewed in the same direction. Considering the observationsglass beads that are half-coated with zinc. The micrograph shows that

. . R . the edges of the zinc are rough, unlike the sharp edges shown in the
of dielectric breakdown in Figure 8a, we believe these skewed g.hematic.
distributions are physically meaningful: the two tails of the
distribution result from different physical phenomena, so we chioride-containing silane generated a surface with covalently
should not eXpeCt the distribution to be Symmetric. In this case, hound Cationsy and an a|ky|su|fonic acid_containing silane
above the breakdown limit, the distribution tails off relatively yje|ded a surface with covalently bound anions (the Experi-
quickly, as beads with charges above this limit are inherently mental Section provides details). We also hypothesized that we
unstable and will eventually suffer a breakdown event. Below coyid prepare glass spheres that would reereoverall charge
the breakdown limit, there is a relatively long tail, as each (¢ a net electric dipole) if one hemisphere had bound cations
breakdown event reduces the charge on a bead to far below theyq the other hemisphere had bound anions. Figure 9 shows
limit; one of the examples in Figure 7a shows a discharge 10 {he process used to fabricate these “half-and-half’ glass micro-
less than half of the breakdown limit. _ spheres: we thermally evaporated a sacrificial layer of zinc to

Fabrication of lonic Electrets from Glass Microspheres. o4t half of each sphere, silanized the other half of the glass
We functionalized the surface of 20n-diameter glass mi-  gpnere with an alkyltrimethylammonium chloride silane, dis-

crosphe_res with silan&s t_o determm(_e if the ion-transfer solved the zinc with 5% acetic acid in ethanol, and silanized
mechanism could be applied to materials other than polymersthe newly exposed glass surface with an alkylsulfonic acid
and to examine a system in which the ionic functional groups silane

were confined to the surface, rather than being distributed . .

throughout the bulk of the material. An alkyltrimethylammonium Figure 10 shows h|st(_)grams of .the measuremen_ts of charge
of these three types of silane-functionalized glass microspheres.

As predicted by the ion-transfer mechanism, the spheres with

bound cations all charged positively, while the spheres with

bound anions all charged negatively. The surface charge density

dissolve Zn 5% HOAc in EtOH, 5 min.
A 4

(56) Evans, M.; Hastings, N.; Peacock,Ratistical Distributions3rd ed.; John
Wiley and Sons: New York, 2000.

(57) Onclin, S.; Ravoo, B. J.; Reinhoudt, D. Angew. Chem., Int. EQ005
44, 6282-6304.
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Figure 10. Histograms (charge per bead) for glass beads (2b@iameter)
charged by contact with aluminum. The half-and-half beads (c) had half of
their surface functionalized with sulfonate as in panel a and half function-
alized with tetraalkylammonium as in panel b. The inset in panel ¢ shows
the selective adhesion of positively chargedi2f-diameter microspheres

to only one hemisphere of the half-and-half glass beads.

(about one elementary charge per 200¢)was similar to that
of the polystyrene-based ionic electrets.

observation confirms that each glass bead was roughly half
negatively charged and half positively charged.

Patterning of Charge on a Planar lonic Electret. We
hypothesized that patterns of chemical functionality on a surface,
with bound cations in one region and bound anions in another,
would yield patterns of charge on that surface. Silanes can be
patterned on oxide surfaces using photolithograg§hsf,focused
ion beam$! scanning-probe techniques such as dip-pen nano-
lithography%263and soft lithography?®-64.65We used microcon-
tact printing®® a type of soft lithography, to pattern silanes on
a silicon wafer with a 300-nm layer of thermally grown oxide.
Figure 11a shows our approach: we spin-coated a solution of
alkyltrimethylammonium silane on a gold “inker pad”, which
we used to “ink” a topographically patterned PDMS stamp. We
stamped this silane on the SiGurface, cured the silane
layer, treated the rest of the surface with an alkylsulfonic
acid silane, and imaged the resulting patterns of charge by
KFM.46-48 (Since the sulfonic acid was deposited from a water/
ethanol mixture, the sulfonic acid is probably dissociated into
sulfonate and BD™.) The KFM image (Figure 11b) shows the
pattern of surface potential; the topography (Figure 11c) was
essentially flat. The regions with covalently bound cations had
a more positive potential, while the regions with covalently
bound anions had a more negative potential. These patterns were
stable for several days under ambient conditions; we did not
investigate their long-term stability. We cannot calculate the
charge density on the surface from these measurements of
surface potential, because the KFM technique measures the
relative surface potential between different locations on the
surface, rather than the absolute electric field above the surface.
We presume that the net charge in this case also results from
the loss of some mobile counterions during the preparation and
washing of the sample; this may be an example of contact
electrification between the solid and the washing liquid
(ethanol)®

Patterning of Charge on Glass MicrospheresThe use of
soft materials such as PDMS enables patterning of nonplanar
surfaces?® we used this feature of soft lithography to pattern
regions of charge on 25@m-diameter glass microspheres.
Figure 12a shows the procedure: we clamped a single layer of
glass microspheres between a slab of PDMS and a glass slide
and immersed the entire assembly in a solution of alkyltrim-
ethylammonium-containing silane. The PDMS conformally

The “half-and-half” spheres had approximately zero overall contacted a small region around the “north pole” of each sphere,

charge, as predicted. The small charge of these beads confirm@nd prevented the silane from reacting with that region. After
our earlier observation that the surface charge density of 'emoving the beads, we silanized the newly exposed north pole

positively charged ionic electrets is similar to that of negatively €gion with an alkylsulfonic acid-containing silane. The resulting

charged ionic electrets. We note that the standard deviation ofPatterns of charge cannot be imaged using KFM, which requires

flat, conductive substrates. Instead, we used electrostatic self-

the charge on the “half-and-half” spheres is about three times k :
smaller than the standard deviations of other types of spheres:2SS€MDI¥ to image the region of charge around the north pole.

this observation suggests that the broad distribution of Charge(58) Dulcey, C. S.; Georger, J. H.; Krauthamer, V.; Stenger, D. A.; Fare, T. L.;
of the other ionic electrets is not merely an artifact of our charge- ___ Calvert, J. M.Sciencel991, 252 551-554. . _
. . y . 9 (59) Sugimura, H.; Ushiyama, K.; Hozumi, A.; Takai, Cangmuir200Q 16,

measuring device. We used electrostatic self-asséfly 885-888.
; fatri ; 60) Calvert, J. MJ. Vac. Sci. Technol., B993 11, 2155-2163.
Image the dISt_”bUtlon.Of Charge on these spheres. The glass%Gl) Ada, E. T.; Hanley, L.; Etchin, S.; Melngailis, J.; Dressick, W. J.; Chen,
beads were agitated with 20n-diameter tetraalkylammonium- ) M. S.; Calvert, J. I\I:IJ. \éac. Sci. Te(c:r[].'nol., 299(250 &3, 221??9;%196_889

. . . . . lvanisevic, A.; Mirkin, C. A.J. Am. em. So 1, 123 78877 .
functionalized polystyrene microsphera3if a glass dish. The - (63) pena, D. J.; Raphael, M. P.; Byers, J.dngmuir2003 19, 9028-9032.
small microspheres became positively charged by contact(64) gggglg\légl-l-; Finnie, K.; Branshaw, K.; Nuzzo, R. Gngmuir1997, 13,
electrification and adhered only to the negatively charged regions es) Geissler, M.; Kind, H.; Schmidt-Winkel, P.; Michel, B.; Delamarche, E.

; ; N Ei Langmuir2003 19, 6283-6296.

of the glass beads. As shown in the inset in Figure 10c, the .\ A0 <ot A~ Whitesides, G. Mangmuir1994 10, 1498
microspheres adhered to roughly half of the glass bead; this 1511.
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Figure 12. (a) Schematic representation of the procedure for patterning

silanes on the surface of glass beads. The PDMS blocks the tetraalkylam-
—100 monium silane from reacting with a region around the north pole of each
bead. (b-d) Optical micrographs (all on the same scale) of three different
self-assembled structures. The selective adhesion of the small positively
charged beads to a small region on each large bead shows that the negative
charge on the surface of each large bead is confined to that region.

Conclusion

We fabricated ionic electrets from monodisperse microspheres
made of crosslinked polystyrene or glass and measured the
: charges on individual microspheres to show that charge was
0.5nm proportional to surface area. The ion-transfer model correctly
Figure 11. (a) Schematic representation of the procedure for microcontact predicted the sign of charge that these electrets acquired through
printing of silanes on a silicon surface using a patterned PDMS stamp and contact electrification, and the dielectric breakdown of air limits

a gold “inker pad.” (b) KFM image of the surface electrostatic potential
for a silicon surface that has been patterned with silanes. The surfacethe magnitude of charge. We extended this technique to pattern

potential is negative in the regions with the alkylsulfonatd éilane and regions of charge on the surface of silicon (with oxide) and on
positive in the regions with the tetraalkylammoniur)(silane. (c) AFM glass microspheres.
image of the topography of the same region shown in part b. The regions  Thage results demonstrate that the ion-transfer mechanism
of positive surface potential are very slightly raisedl(nm) above the . . .
background. (Deposition of silanes often leads to multilayers; an AFM image offers a rational approach to materials that bear a net electrostatic
of the printed silane layer taken before deposition of the second silane charge. The dielectric breakdown of air imposes a universal limit
showed that the printed layer is2 nm thick.) on the stable charge on an electret, and the charges on these
ionic electrets are close to this limit; thus, other methods of
The glass beads were agitated with/2@-diameter tetraalky-  charging, such as bombardment with an electron-beam, cannot
lammonium-functionalized polystyrene microspherBsirt an create stable spherical electrets with more charge than these ionic
aluminum dish. The small microspheres became positively electrets. These materials could replace electrets that are
charged by contact electrification and adhered only to the currently charged using an electron-beam or ion-beam, such as
negatively charged regions of the glass beads. As shown inthe space-charge electrets used in microphones. In addition, our
Figure 12 parts b, ¢, and d, the microspheres adhered only topreparation of half-and-half glass microspheres that acquired
the small north pole region on each bead; this observation no net electrical charge suggests a possible strategy for making
confirms that each glass bead had a small region of negativenew materials that do not develop a net charge upon contact
charge. but may develop dipoles or higher multipoles instead.
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Electrostatic Charging of Surfaces ARTICLES

In principle, any insulating material that has covalently bound was only~20% complete. The reaction of triphenylphosphine with
ions and mobile counterions at its surface can function as anchloromethylated polystyrene is known to be quite sféwand the
ionic electret. The presence of adsorbed water facilitates thecrosslinked polystyrene purchased from Duke Scientific~&0%
dissipation of charge: for maximum charge, the humidity should crosslinked, whereas typical solid-phase synthesis resins-afé
be low, and hydrophilic materials, such as ion-exchange resins,?rOSSI'nk?d' The h|ghly crosslinked beads swell in NMP to qnlys .

times their volume, while the usual beads swell to about 10 times their

should not be used. There are two possible methods that Onevolume. The high degree of crosslinking may have prevented the bulky

could use to overcome the limit imposed by the dielectric y;,nenyiphosphine nucleophile from reacting throughout the bead.
breakdown of air: the use of gases with a greater dielectric Charge-Measuring Apparatus. The charge on each bead was
strength, such as gFor the use of high vacuum (the threshold  easured using the apparatus depicted in Figure 2a. A polyethylene
for field emission in vacuum is about 10 times greater than the tupe (2 mm diameter) was connected to house vacuum and threaded
threshold for dielectric breakdown of afr). through three concentric aluminum cylinders. The three concentric

Although there is considerable experimental support for the cylinders were approximately 4, 9, and 30 mm in diameter and 1.0,
ion-transfer model of contact electrification, the atomic-level 1.1,and 1.4 meters inlength, respectively. Concentric solid polyethylene
mechanistic details remain obscure. There have been no detailed!bing insulated the cylinders from each other. The three cylinders were
theoretical studies of this ion-transfer mechanism. No one hassoldered to the three leads of a triaxial shielded cable (Belden 9222),
applied the classical tools of mechanistic organic chemistry with the innermost cylinder connected to the central lead; these

. connections were all enclosed within the outermost shielding cylinder.

(temperature eﬁeCtS’ isotope effects, etc:), nor us_ed any of theThis shielding configuration was necessary in order to make measure-
powerful experimental methods for probing reactions on sur-

: Lt o ments with low noise (rms noise20 fC) and minimal background
faces, in the study of contact electrification of ionic electrets. it The triaxial cable was connected directly to a Keithley model

Because we focused this paper on understanding and achievings14 electrometer in chargeneasurement mode: in this mode, the
the maximumcharge on these materials, we found that the instrument acts as a current integrator. The total charge (time integral
chemistry of the material had no impact on the charging: only of the current) was recorded 60 times per second on a computer
the dielectric breakdown strength of the surrounding medium connected to the electrometer. The main text describes the analysis of
had an effect. Studies of the kinetics of contact electrification these data. (Figure S5 in the Supporting Information provides a
belowthe breakdown limit should offer more information about Schematic illustration and photograph of this device.)

the fundamental ion-transfer mechanism of contact electrifica- _ APParatus for Repeated Measurements of Charge on a Single
tion. For instance, we would like to know the relative contribu- 563d-A polyethylene tube (PE-100, 16 meters '0”9’ 0.86 mm id.,
tions of entropy and enthalpy to the transfer of ions from one 1.52 mm o.d.) was looped 25 times (radius of loops: 10 cm) through

f ¢ ther. M the fund tal hani ftwo concentric curved metal cylinders: the inner cylinder was a flexible
surface 1o another. Moreover, the fundamental mechanism Ol giqq spring (22 cm long, 1.4 cmi.d., 1.8 cm o0.d.) and the outer cylinder

contact electrification of nonionic materials (e.g., contact o fashioned from curved iron pipe (30 cm long, 2.5 cm i.d., 3.4 cm
between PTFE and Nylon) remains unknown, after more than ¢ d.). One end of the polyethylene tube was connected to house vacuum.
a century of research. We hope that a recent renewal of interestrhe two metal cylinders were electrically insulated from one another
in this subject~3:37.55 particularly within the chemistry com- by concentric PVC tubing. The cylinders were connected to a shielded
munity, will offer some new insight into this ancient question. triaxial cable in the same fashion as the other charge-measuring device.
The entire apparatus was electrically shielded with aluminum foil. Data
Experimental Section was collected and analyzed as with the other device. (Figure S6 in the

General Unless otherwise specified, all chemicals and solvents were ifu tp;]pi)gr(tjlgsi(l:rgc))rmatlon provides a schematic illustration and photograph

purchased from Aldrich and used as received. Elemental analyses were™ = =~ . .
Silanization of Glass BeadsGlass microspheres (250n diameter,

performed by Galbraith Laboratories, Inc. (Knoxville, TN). The ) - ; i X )
preparation of chloromethylated crosslinked polystyrene microspheres Supelco) were immersed in a 10% solution of the desired silane (Gelest)

and their tetraalkylammoniuniand azo-sulfonateff derivatives was N 95% ethanol. The solution was adjusted to p8 with acetic acid.
described in our recent communicatish. After 10 min, the beads were rinsed once with ethanol and heated at

Preparation of Sulfonate Beads, 2Chloromethylated polystyrene 60 °C for at Ie_ast L1 h. The bee_lds were then_ rinsed th_ree times with
was sulfonated using a literature procedirBriefly, the beads were ethanol _and dried at 60: The 5|_Ianes werN-_t rlmethox_ysnylpropyl-
allowed to react with dimethylsulfide in methanol to yield the resin- N.N,N-trimethylammonium chloride and 3-(trihydroxysilyl)-1-propane-
bound sulfonium salt. This resin was sufficiently polar that it could be sulfonic acid.

swelled with aqueous sodium sulfite; the sulfite substituted for the ~_ Farication of Half-and-Half Glass Beads.A glass microscope
dimethylsulfonium moiety, yielding the resin-bound sulfonate. IR slide was dip-coated wita 1 Maqueous solution of sucrose and dried

(KBr): vs-0 1179 and 1037 cnt. Anal. Found: C, 79.09; H, 7.41; S at 60°C for 20 min. The dry sucrose film was made tacky by moistening
334, ' Y "7 it slightly with water vapor from exhaled breath. Glass microspheres

(250um diameter, Supelco) were poured onto the surface; a single
layer of beads adhered to the tacky sucrose film (the beads did not
appear to sink into the film). A thin film of zinc~70 nm) was
evaporated thermally onto the glass microspheres. The half-zinc-coated
beads were released by dissolving the sucrose in water.

The beads were washed with ethanol, silanized Witttimethox-

Preparation of Alkyltriphenylphosphonium Beads, 3.To 10 mL
of N-methylpyrrolidinone (NMP) was added 100 mg of chloromethy-
lated polystyrene beads and 200 mg of triphenylphosphine. The mixture
was stirred at 100C for 5 days. The beads were collected by filtration,
washed twice with 20-mL portions of ethanol, twice with 20-mL

portions of DMF, three times with 20-mL portions of THF, and three ) ) - ' 3
times with 20-mL portions of ethanol. The resulting colorless beads YSilYIPropyl-N.N,N-trimethylammonium chloride (10% in ethanol, no
were dried in an oven at 6 and stored in a glass vial under ambient acid added), and heated at 8Dfor at least 1 h. The beads were treated

conditions. IR (KBr): vp_py 1018 and 1110 cnt. Anal. Found: C, for 10 min with an ethanolic solution containing 10% 3-(trihydroxysi-

82.84: H, 7.01; P, 0.48. The low P content suggests that the reaction!YD-1-propanesulfonic acid and 5% acetic acid. This solution was
sufficiently acidic to dissolve the zine-6 min); it also served to silanize

(67) Doescher, F.; Klein, J.; Pohl, F.; Widdecke, Makromol. Chem1982
183 93-102. (68) Frechet, J. M.; Schuerch, @. Am. Chem. S0d.971, 93, 492-496.
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the newly exposed glass surface. The beads were washed once wittCorning). Glass microspheres (2@fr diameter, Supelco) were
ethanol and dried at 60C. To image the distribution of charge on  clamped between this PDMS-coated slide and a plain glass microscope
these glass beads, we combined in a glass dish ca. 0.5 mgwh20-  slide. The PDMS conformed to a small spot around the north pole of
diameter polystyrene microspheres with tetraalkylammonium function- each sphere. The spheres were immersed in a solutiNrtriethox-

ality (1) with ca. 30 of the glass microspheres with half-and-half surface ysilylpropyl-N,N,N-trimethylammonium chloride (10% in ethanol,
charge. The dish was agitated manually for 30 s. Each glass bead haddjusted to pH5 with acetic acid) for 10 min. The spheres were washed

a disordered, incomplete monolayer of 20+ polystyrene spheres  once with ethanol and the silane layer cured at°’60for 1 h. The
adhered to roughly one-half of the bead, as shown in the inset in Figure beads were removed, washed again with ethanol, and silanized with a

10c. solution of 3-(trihydroxysilyl)-1-propanesulfonic acid (10% in ethanol,
Patterning of Silanes on a Silicon SurfaceSilanes were printed adjusted to pH~5 with acetic acid). The beads were washed three
on a silicon surface (with oxide) using microcontact printthgoly- times with ethanol and dried at 6C.

(dimethylsiloxane), PDMS (Dow Corning, Sylgard 184), was poured Self-Assembly on Glass Microspheres with Patterned Charge.
over a photolithographically fabricated master. After curing af®5 Following the procedure reported in our recent communicafiore

for 2 h, the PDMS was oxidized in an oxygen plasma+@&0 s and combined in an aluminum dish ca. 0.5 mg of 2®-diameter
silanized with the desired silane (1BbktrimethoxysilylpropyIN,N,N- polystyrene microspheres with tetraalkylammonium functionalty (
trimethylammonium chloride in 95% ethanol/water). The stamp was with ca. 30 of the glass microspheres with patterned surface charge.
washed thoroughly with ethanol and dried with a stream0fN\D.05% The dish was agitated manually for 30 s. Most of the glass spheres

solution of the same silane in ethanol was spin-coated on a gold “inker had a small “clump” of adherent 2@m beads (as shown in Figure
pad’®® (a silicon wafer with~5 nm of Cr and~70 nm of Au) at 3000 11Db); about a quarter of the glass spheres had no adherent beads.
rpm for 30 s. The silanized PDMS stamp was “inked” by contact with .

this inker pad for 60 s. The stamp was then placed for 30 s on a plasma- Acknowledgment. This research was supported by the Army
cleaned silicon wafer with 2300 nm thermally grown oxide layer ~ Research Office (Grant W911NF-04-1-0170) and used the
(Universitywafer.com). This silanized wafer was allowed to sit at room shared Resource Facilities supported by the National Science
temperature fo2 h and then immersed in a 1% solution of 3-(trihy-  Foundation under NSEC (PHY-0117795) and MRSEC (DMR-
droxysilyl)-1-propanesulfonic acid in 95% ethanol/water for 10 min.  0213805) awards. The authors would like to thank Dr. Emily
The wafer was washed thoroughly with ethanol and dried with a stream \y/eiss for assistance with the KEM measurements.

of Nz.

Surface Potential Measurements.The surface topography and Supporting Information Available: Histograms of the mea-
surface potential were imaged with an AFM (D3100, NSIV; Digital  surements of charge for all experiments discussed in the article,
Instruments). The topographic images were obtained using the AFM and photographs of the two devices used to measure charge on
in tapping mode and the KFM images were obtained using the AFM gjngle microspheres. This material is available free of charge

in surface potential mode. ) . via the Internet at http://pubs.acs.org.
Patterning of Silanes on Glass MicrospheresA glass microscope

slide was coated with &1 mm layer of PDMS (Sylgard 184, Dow  JA067301E
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