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Abstract

Solutions of synthetic [poly(ethylene oxides), polyvinylpyrrolidone, polyacrylamide, and poly(vinylalcohol)] and natural
linear polymers (single- and double-strand DNA) have been electrosprayed onto mica surface and imaged with an atomic fore
microscope. Depending on the electrospray ionization (ESI) conditions (concentration, solvent, sign of ion charge) eac
polymer studied could be imaged as globular or fibrillar forms. Globules were observed after electrospray (ES) of dilute
solutions such as are routinely used in mass spectroscopy studies of polymers. An increase in the polymer concentratic
resulted in formation of larger multimolecular globular clusters, then extended fibers, presumably consisting of single (0.2—0.!
nm high) and multiple 0.6 nm high) polymer strands. Further increase in the polymer concentration produced complex
structures including branched fibers, “pins,” and “beads-on-a-string.” Formation of these structures is discussed in terms c
known mechanisms of ESI. (Int J Mass Spectrom 178 (1998) 143-159) © 1998 Elsevier Science B.V.
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1. Introduction polymer ions have begun to find applications in
technology and biotechnology for modification of
surfaces [5] and surface coating [6]. However, the
mechanisms of formation of polymer ions in ESI are
still not fully understood [1,7]. Different ideas have
been proposed to account for formation of ions in ESI
[8—14], which we discuss below. Structures we ob-
serve range from globules at concentrations compa-
rable to those used in MS to fibers and more complex
species at higher concentrations. It is important to
contrast our results with the larger scale fibrillar
structures that result from electrostatic atomization of
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Electrospray ionization (ESI) has found broad
application in mass spectrometry (MS) as a nonde-
structive method for producing gas phase ions of
biological and synthetic macromolecules. ESI can
preserve not only the primary structure of polymer
molecules but also structures formed due to noncova-
lent interactions [1-4]. Electrospray ESI generated
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mer ions, since they consist of a great number of 2. Experimental

polymer chains forming threads with diameters rang-

ing from tens to thousands of nanometers [15-19]. 2.1. Materials

With a decrease in polymer concentration electrospin-

ning is not observed, and normal ES resumes produc-  Poly(ethylene oxide) with average molecular

ing fine droplets. weight,M, = 8,000(PEO-8K), was purchased from
Atomic force microscopy (AFM) has been previ- USB Corporation. Other poly(ethylene oxides) with

ously used to visualize structures of natural [21] and averageM, = 1.0 X 10° (PEO-100K) M, = 4.0 X

synthetic [22,23] polymers. The products of ESI of 10° (PEO-400K),M, = 2.0 X 10° (PEO-2M) and

dilute polymer solutions visualized by electron mi- Mn = 8.0 X 10° (PEO-8M) as well as poly(vinyl

croscopy [20] or AFM [20,5] have always been alcohol) (PVA-150K, averag®l, = 150,000)were

reported to be globular. AFM has been applied to the from Aldrich. Polyvinylpyrrolidone (PVP-360K, av-

visualization of structures formed by electrospray and €729¢ M, = 3.6 X 10°) was from Pharmacia.

electrospinning of polymer solutions. Jaeger et al. Polyacrylamide (PAM-5M, averagdl, = 5 X 10°) _

[18] used AFM to study electrospun PEO nanofibers was from Polysmence_, Inc. Routinely, a stock solution

deposited on a glass surface. Buchko et al. [5] imaged ©f 1-10% concentration was prepared from the dry

globular and fibrillar structures of a synthetic POlYmer by slowly shaking the tube for 4-12 h.

polypeptide after ES deposition on a silicon surface. Polymers of higher molecular we|ghts [(2-8)10]
Monomolecular globules and globular clusters of were shaken for more than 24 h. Aliquots of the stock
polystyrene formed in ES have been imaged on mica solution were then diluted by solvent to required

and graphite surfaces by Festag et al. [20]. AFM has concentratlon.a%nd shaken again for at least 12 h before
the ES deposition.

also been used to study the structure of gas phase .

olvmer ions indirectl r}:amel by imagin gsurfzce Methanol and acetonitrile of HPLC grade were
PO’y . Y ) Y y_ ging obtained from Fisher Scientific. Water was deionized
defects induced on graphite and mica as a result of L .

) t by incident i ¢ PEO and protei and then distilled. In some experiments water and
Impact by incident energetic ions o andproteins. \ ater-methanol mixtures were filtered through a 0.2

[24,25]. o o w Millipore filter.

We use AFM in this work to visualize structures of DNA of A-phage was obtained from New England
different synthetic and biological polymer ions after Biolabs. A stock solution of DNA (containing 0.5
different conditions of ESI and deposition onto mica mg/mL) was washed twice with a ten-fold excess of
surfaces. The su_rface o_f mica is_ atomically flat and water using an Amicon-100 microconcentrator and
enables observation of finer details of polymer struc- {han used to prepare solutions. Na-polythymidylate-
tures than glass surfaces. Stability of images on mica (poly[dT], M, = 600 bases for 90% of molecules)

greatly exceeds that on graphite since the former hasyas purchased from Sigma. To prepare stock solu-
sites capable of forming hydrogen and ionic bonds tjons the dry sample was dissolved in water to a final

with hydrophilic polymer groups. The presence of a concentration of 0.5-1 mg/mL and dialyzed overnight
water layer on mica surfaces in contact with ambient against water at 4 °C.

air greatly reduces polymer binding, increases poly-

mer thermal mobility, and thus reduces the stability of 2.2, ES deposition

AFM images [26]. To prevent such motions and to

favor droplet evaporation ESI has to be performed in ~ Two experimental arrangements used for ES dep-
a dry atmosphere, where the surface conductivity of osition of polymers onto a mica surface are shown
mica, exploited in [20] vanishes. We describe here schematically in Figs. 1(A) and (B). Polymer solu-
two methods that allow ES deposition of samples on tions are sprayed from a glass or polyethylene capil-
mica in a dry atmosphere. lary fitted with a tungsten, stainless steel, or platinum
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Fig. 1. Two methods used for ES deposition of polymer solutions.
(A). Schematic of the device used for deposition onto dry mica
surface in the “recharging” method. (B). Explosion view of ar-
rangement for “sandwich” method of deposition using the surface
conductivity of mica.

microelectrode. The design of the ES capillary was
similar to that described in [27]. The outer diameter of
the capillary was 30-5@um. ES performance was

visually monitored using a low power stereo-micro-
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to the mica. An IR heater or stream of dry warm air
from a blow dryer was used to keep the mica dry
during the ES deposition. Deposition could be per-
formed either in open air or inside a plastic chamber
with a controlled atmosphere. After deposition, mica
was rapidly glued to a slightly heated metal disc and
placed inside the AFM head, filled with dry air or
nitrogen.

The second (“sandwich”) method exploits the sur-
face conductivity of mica. A mica sheet is brought
into contact with a damp O-ring made of Whatman
paper as illustrated in Fig. 1(B). The paper ring was
covered with a metal electrode and a plastic screen
both having a hole in the middle to enable free access
of ions to the mica surface. ESI was performed in a
closed plastic chamber through which a flow of dry air
or oxygen was maintained. In some experiments ES
deposition was made in an atmosphere free of carbon
dioxide: air was bubbled through a saturated solution
of CaCl,, then dried by passing through tubes filled
with solid NaOH and silica-gel. To adjust the humidity,
part of the incoming gas stream was bubbled through a
tube with CQ-free water. Humidity and temperature
inside the chamber were monitored with a digital hu-
midity/temperature meter (Fisher Scientific).

2.3. Scanning

Images were recorded with a Nanoscope Il (Digital
Instruments, Santa Barbara, CA) instrument equipped

scope. In most cases electrospraying was done in awith a 9 um AFM head. Standard commerciakSj,

“rainbow mode” that is characterized by production of
uniform micron-sized droplets [12]. A microprocessor
controlled syringe-pump (Cole-Parmer) in combina-
tion with a 10 mL Hamilton microsyringe were used
to deliver polymer solution to the capillary with a

constant flow rate that varied between 10 anduB(h,

in different experiments. The spacing between the cap-

illary tip and mica surface was typically 35—40 mm.

As illustrated in Fig. 1(A) in the first (“recharg-
ing”) method the mica sheet was placed onto a
rotating plastic disc and periodically discharged when

passing under an array of microelectrodes in a cham-

cantilevers with highest compliance (nominally of
0.06 N/m) were used in most cases. Tips were made
hydrophobic by treatment with dichlorodimethylsi-
lane as previously described [28]. Imaging was per-
formed under an atmosphere of dry air or nitrogen. A
rubber o-ring placed on the scanner tube and a plastic
plate on a front surface of the head formed a closed
space inside the head which was kept dry by a flow of
gas. Such a chamber enabled scanning of the same
area of substrate before and after exposure of the
sample to humid air, as well as scanning under
different humidities. Temperature and humidity inside

ber shielded by a plastic screen. Positive or negative the head were controlled as described above for the

voltages could be applied to the capillary with respect

ES chamber.
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Before recording each image, scanning was per- nm and 34+ 8 nm, respectively. Thus, all the calibra-
formed under different forces (1-10 nN) on the tions were consistent within 3% with each other and
cantilever to ensure that the measured height was notwith the values specified by the AFM manufacturer.
dependent upon the force. Routine scans were per- The images presented in this article show unproc-
formed under the lowest force, i.e. 0.5-1 nN, which essed data, except that in a few cases a flattening
still allowed scanning in contact mode, without loss of procedure was used.
tip/surface contact [26]. The scanning angle (the
direction of scan with respect of the cantilever) was
adjusted before each recording in the “Scope” mode 3. Results
until the forward and reverse traces were superim-
posed. This eliminates the artificial height contribu- 3.1. Morphology of structures and conditions for

tion due to tip—surface friction [29,30]. their formation

The piezoscanner was calibrated in the plane
using a square diffraction grid provided by the man- Some of the different types of structures resulting
ufacturer. The scanner was calibrated in theirec- from ES of polymer solutions are presented in Fig. 2.

tion over a (0.340—2.05) range by the laser inter-  The simplest structures are globules and fibers. Figs.
ference method [31]; this gave 9.630.07 nm/V in 2(A) and (B) show globules of PEO-8M and a section
good agreement with the 9.1 nm/V value specified by of a PAM-5M fiber as examples.

the manufacturer. Calibration on the nanometer scale  Structures combining globular and fibrillar features
was performed using gold beads (average diameter ofare often observed together with simple globules and
4.6 = 0.6 nm) and polystyrene latex beads (average fibers as illustrated for DNA in Figs. 2(C) and (D) and
diameter of 35+ 7.6 nm) both obtained from Sigma. for PVP in Fig. 2(E). They may consist of a fiber with
A gold suspension containing 4:8 10" particles/mL a ball on one end or a loop protruding from a globule.
was diluted 200 times with water, applied on mica, and We refer to both structures as “pins.”

dried. Before application of a similarly diluted latex At high concentrations (1-10 mg/mL) some poly-
solution, the mica surface was coated with bovine serum mers (PEO, PVP and PVA) form structures consisting
albumin (BSA): 1 mg/mL solution of BSA was applied of large (up to 100—200 nm high) globules regularly
for 3 min on a freshly cleaved mica surface, blown off positioned on a fiber, as shown in Fig. 2(F) for
with nitrogen, washed with distilled water, and blown PEO-400K; we refer to these as “beads-on-a-string”
dry again. Measurements of 95 gold particles and 75 or “necklaces.” In some cases “whiskers” radiating
polystyrene beads gave average heights of 43276 from the capillary tip could be observed, both at-

Fig. 2. AFM images of synthetic and natural polymers electrosprayed on mica surfaces under different conditions. (A) PEO-8M globules ES
deposited from 0.001 mg/mL solution in 50% MeOM4.3 kV at the capillary. Mica was heated with flow of warm air. (B) Part of a
single-strand fiber of PAM-5M deposited from 0.01 mg/mL solution in water with the “recharging” meth®@, kV at the capillary (C)

A-DNA fibers ES deposited from 0.05 mg/mL solution in 90% acetonitrile-&t8 kV on the capillary. (D) “Pins” oi\-DNA found in the

sample prepared as described in (C). (E) “Pins” of PVP-360K obtained6ad kV from solution of 0.1 mg/mL in 99% ethanol. (F)
“Beads-on-string” structures prepared by ES of PEO-400K solution of 10 mg/mL in water. Potential at the capillanpwdeV. (G)
PAM-5M fibers electrospun from 0.1 mg/mL solution in water witd.9 kV at the capillary. (H) Branched fibers of PAM-5M produced by

ES of a 10 mg/mL solution in water &t7.0 kV. (I) Branched structures of PVA-150K obtained from a 10 mg/mL solution in watef7e8

kV at the capillary. (J) Large “shish-kebob” and dendritic structures of PEO-8M found on mica after ES of 2 mg/mL solution in wa#ter at

kV. ES in air with relative humidity of 44%. (K) “Shish-kebobs,” "whisks,” and fibers found on mica after deposition of PEO-2M solution

(1 mg/mL) in water. Voltage at the capillary #83.8 kV. Air humidity is 7%. The “recharching” method was used to deposit the polymer
structures in all cases except for (G) and (K) which used the “sandwich” method. The images in (D), (E), (F), (H), and (I) were taken in the
“force” mode, the rest in the “height” mode. Bars corresponding todrbin (A), (B), (E), and (D) and to 1.@um in all other pictures are
included. Grayscales for images in the “height” mode are: 4 nm for (A), (C), (G), and (K); 1 nm for (B); and 12 nm for (J) The grayscale for
images in “force” mode is: 0.001 nN for (H) and (I); 0.07 nN for (F); and 0.15 nN for (E) and (D).
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Table 1
Conditions for formation of different structures in ES of polymer solutions
Concentratior? Voltage Structures
Polymer Solvent nM kv observed
PVP-360K EtOH 100% 28 +4.5 G, F
Same 280 +4.0 F
Same 2.8 103 +4.0 F, W
Same 28 —4.8 G
Same 280 -6.0 G,P,N
MeOH 50% 0.28 +3.0 G
Same 2.8 +4.0 G, F P
Same 28 +3.2 F, P
Same 280 +8.0 F, P, W
Same 2.8< 104 +5.9 F, N
PAM-5M Water 0.2 +7.0 G
Same 2.0 +5.0 G, F
Same 20 +4.9 F
Same 200 +6.0 F
Same 2.0< 10° +7.0 F, B, W
PVA-150K Water 67 +6.6 G
Same 670 +6.6 G, F
Same 6.7 103 +6.6 F, P, N
Same 6.7¢ 104 +7.8 F, B, W
A-DNA © Water 0.32 +4.5 G
Same 3.2 +8.0 G
AN 90% 0.32 -6.5 G
Same 3.2 -9.8 F, P, W
Same 3.2 -8.0 G, F W
AN 85% 3.2 -8.0 G
Poly[dT] ¢ AN 46% 270 -9.0 F, P
Same 270 +7.0 G

2 Concentrations, & at which transition from fibrillar to globular ESI products occur are denoted with bold font.

P Meaning of the abbreviations used: G—globules, F—fibers,

B—"brushes,” P—"pins,” N—"beads-on-string” or “necklaces,” and

W—"“whiskers,” seen at the capillary upon ES. EtOH, MeOH, and AN are ethanol, methanol, and acetonitril, respectively.

¢ Concentration attributed to oneDNA strand (15,75 10° D) is pr

esented.

9 Average molecular weight of 193 kDa is taken to calculate concentration.

tached to the capillary walls and ejected from the
Taylor cone as first described by Baumgarten [15].

Except for PVP, all the polymers studied here were
found capable of forming branched structures upon
ES of concentrated polymer solutions (10 mg/mL).
These structures are illustrated in Figs. 2(H)—(K).

No difference was noted in the polymer structures
when ES deposition was performed on mica in the
“recharging” [Fig. 1(A)] or “sandwich” [Fig. 1(B)]
method, unless the humidity of gas was allowed to
exceed 25%, nor did we detect any differences in
structure when ES was performed in a dry atmosphere
free of CQ, or in pure oxygen. We found it crucial to
maintain low humidity (routinely about 6—-20%) dur-
ing all steps: deposition, transfer of the sample to the

AFM head, and scanning itself, because exposure to
atmosphere with humidity higher than 50% caused
drastic changes in samples.

Table 1 presents some results specifying condi-
tions under which different structures were observed
with the polymers studied. A general phenomenon is
clearly seen: any polymer studied can be imaged both
in globular and in fibrillar form with any of the
solvents used. A second general observation is the
disappearance of fibrillar structures and appearance of
globular ones when the concentration of polymer
solutions falls below a certain level. As Table 1 and
Fig. 3 show, the concentration,.Cat which fibers
begin to appear varies over a very broad range, from
2 nM for PAM-5M in 50% MeOH to 125uM for
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Fig. 3. The PEO concentration at which formation of fibers in ES
begins, G, as a function of molecular weight of PEO. Filled circles
correspond to £ expressed in nM. Open circles show: @
mg/mL. All solutions are prepared in water.

PEO-8K in water. This difference inor different
polymers diminishes 60-fold if polymer concentra-
tions are expressed in mg/mL and completely disap-
pears for water solutions of different PEOs, as seen
from Fig. 3. The latter fact suggests that the total
amount of polymer material per volume unit is im-
portant for fiber formation in ESI, rather than the
numberof molecules. This point is discussed further
below, in considering different mechanisms of ion
formation from linear polymers.

Table 1 shows that £depends on properties of
polymer molecules, solvent, and the sign and value of
potential at which deposition is performed. Thus,
PVA and PAM sprayed from water solutions form
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produces only “pins” at such concentration, whereas
PEO-400K, PEO-2M, and PEO-8M form fibers at 0.1
mg/mL. Another example of drastic changes in the ES
product with solvent and concentration is observed in
ES of DNA solutions: only globules are found after
ES of 0.05 mg/mL solution ofA-DNA in 85%
acetonitrile (AN), whereas a solution of the same
concentration in 90% AN produced numerous “pins”
and extended fibers [see Figs. 2(C) and (D)]. ES of the
A-DNA solution in 90% AN after ten-fold dilution
produced no fibers at all. No fibers could be detected
when A-DNA was sprayed from water solutions.

The effect of sign of the ionic charge on-Gs
illustrated by the behavior of poly[dT] and PVP. As
seen from Table 1, ES of poly[dT] from a solution of
0.05 mg/mL in 46% AN results in formation of fibers
at negative potential at the capillary, while only
globules are formed at positive potential. The same is
true for \-DNA solutions. In contrast to poly[dT] and
A-DNA, PVP tends to unfold more readily at positive
potentials. The effect of the potential is seen by ES of
0.05 mg/mL solution ofA-DNA in 90% AN, which
shows complete disappearance of globular ES prod-
ucts upon increasing the potential from8 kV to
—9.8 kV.

Though the viscosity of polymer solutions has
been implicated as a major factor controlling the
process of electrospinning [15,17], our results indicate
that viscosity does not determine the concentration at
which fiber formation occurs in ES. For example,
water solutions of PEO-8K and PEO-8M have similar
values of G = 1 mg/mL despite a 3.5-fold difference
in viscosity. On the other hand, a 19 mg/mL
solution of PVP-360K in 50% MeOH formed fibers,

fibers at concentrations of 0.1 mg/mL for PVA and whereas a solution twice as viscous, 0.5 mg/mL
102 mg/mL for PAM, respectively one and three PEO-100K in the same solvent, did not. We will next
orders of magnitude lower than that for PEOs sprayed consider various structures of the ES deposited poly-
under the same conditions. mers in more detail.

The role of solvent can be demonstrated with ES of
PEO solutions. Exchange of water for 50% MeOH as 3.2. Fibers
solvent for PEO resulted in about a tenfold decrease in
Ce. In contrast to water solutions,zin 50% MeOH Fibers have not been reported in ES of highly
becomes slightly dependent on the molecular weight diluted polymer solutions or in control experiments
of PEO. Thus, PEO-8T does not form fibers at the with ES of solvents. The diameter of fibers measured
highest concentration tested, 0.5 mg/mL; PEO-100K by their height in AFM images increases considerably
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with increase in polymer concentration. Much thinner with the thickness and length expected for an ex-
fibers (0.3—10 nm) are observed here in ES of 0.001- tended single-strand molecule.

0.1 mg/mL solutions than those formed from concen-
trated solutions (10—40 mg/mL) used in elecrospin-
ning (40—-2000 nm in diameter) [15-19]. The thinnest
fibers found for all the polymers studied have a height
in the range of 0.2-0.4 nm that presumably corre-
sponds to single-strand polymer chains. An example
of such a strand is shown in Fig. 2(B). It should be

3.4. Complex fiber structures

Apart from unbranched fibers, more complex
structures are observed when polymer solutions of
1-10 mg/mL concentration are sprayed. “Pins” appear
to reflect some intermediate stage in formation of

stressed, however, that such thin fibers are neverfibers. This form has been observed for PVP, PVA,

found alone: they always were observed together with
or as part of thick multistrand fibers.
An increase in humidity té\ = 30% produced no

PEO, and DNA. “Necklaces” or “beads-on-strings”
similar to those shown in Fig. 2(F) for PEO-400K are
observed for other PEOs and for PVA and PVP

visible changes in the fiber images. When exposed to sprayed from concentrated water solutions with a

A 58% for 20 s and then dried again under
nitrogen, PEO fibers thicker than 3 nm were un-

changed. However, the thinner fibers disappeared,

either forming flat disks or arrays of smaller flat
particles tracing the position of the mother fiber. This

positive potential at the ES capillary (see Table 1).
This form has been recently described for PEO by
Jaeger et al., [18] who suggested a possible mecha-
nism for its formation involving transformation of an
unstable water layer around the fiber into a series of

suggests that polymer chains become mobile underwater microdroplets.
exposure to humid atmosphere and can adopt relaxed Branched forms of fibers such as those illustrated

forms.
3.3. DNA

As in the previous cases, ESI of DNA solutions
produces globular and fibrillar structures depending
on the ES conditions. Similar structures were ob-
served for both single- and double-stranded DNA
molecules. Spraying under a positive potential from
water solutions always resulted in formation of glob-
ules only. Thus, ES oA-DNA from a 0.05 mg/mL
solution in water at positive voltage (conditions sim-

ilar to those used in mass spectrometry studies,

[32,33]) produced compact globules 208 nm high.

By contrast, ES from solutions in AN under negative
potential produced fibers and “pins” similar to those
seen in synthetic polymers [Figs. 2(C) and (D)]. As
with the synthetic polymers, the average height of
DNA varies along a fibril: the thinnest fractions have
heights of 0.24+ 0.05 nm and may represent single
strands [34], in contrast to regions with greater thick-
ness (from 0.5 0.1 nm to 5 nm), which seem to be
double and multistranded, respectively [34,35]. Occa-
sionally, whole fibers of poly(dT) can be observed

in Figs. 2(H) and (1) are typical for PAM and PVP, but
have been never found for the other polymers studied.
These branched forms seem to occur in the gas phase,
since branches often intersect the main fiber, and
appear to be bent or broken, which would be expected
to happen upon colliding with mica surface. Branches
are separated by nearly equal intervals and may
originate from some form of instability in charged
fibers (see theoretical calculations in [36]).

PEO was the only polymer which formed the
brushlike structures seen in Figs. 2(J) and (K). In
contrast to the branches described above for PVP and
PAM, those in PEO protrude nearly perpendicularly
to the main chain and are often seen with thin
dendritic structures [see Fig. 2(J)]. If these features
arise in the gas phase, they should be altered or
damaged upon hitting the surface. In fact, the
branches neither look damaged nor cross each other or
the main fiber. This is why we suppose that PEO
branches are formed after the wet charged fiber
collides with the mica surface. This hypothesis is
supported by observation of much longer “brushes”
when ES was performed at 44% humidity [Fig. 2(J)]
as compared with spraying at 7% [Fig. 2(K)]. We also
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sample to air with humidity of about 70% caused I

50 50% MeOH
growth of additional perpendicular branches from the

25

found that short exposure of the ES deposited PEO moi

0

Frequency, %

globules on fibers. Further increases in humidity 401

resulted in transformation of all beads into lamellar = 323 II PEO-100K

brushes. We conclude therefore that PEO “brushes” 1

are a crystalline form of this polymer known in 30 PEG-400K

morphology of fibrous polymer crystals as “shish- e .I.

kebob” [37]. “Shish-kebob” structures of PEO were 07 s— e S

also described [38]. 20 II. PEO-8M
10

3.5. Globular structures O TS 5 7 8 1113 15 17 19 21 23 25 27 29

Height, nm

In contrast to fibrillar structures, globular particles
are always observed upon ES of diluted polymer Fig. 4. Histograms of heights of PEO globules measured with AFM.
Ut A I b f alobul ith di Each histogram corresponds to measurements of 100—300 different
SF) utions. Small number or g O_ ules wi I_men' particles. PEO-8M and PEO-400K were ES deposited from 1 nM
sions comparable to those found in ES deposition of solution and PEO-100K from 10 nM solution in 50% MeOH. The
po|ymer solutions can also be observed in experi_ “sandwich” method of deposition was used to obtain these data.
. , : ) " ; - oo
ments with pure solvents, especially if water is used Deposition was performed at a relative humidity of 7-19%.
as solvent and deposition is performed in ambient air
with a glass capillary enclosing stainless steel or
tungsten electrodes. Some of these particles seem to
serve as seeds for carbonate crystals that turn into well 1.6
formed microcrystals after 5-10 days of mica storage E 14
in air over silica gel. To diminish the contribution of
such artifactual particles, ES deposition was per-
formed either in pure oxygen or in air passed through
a CO,-adsorber. It was also noted that use of a plastic 0.8
(polyethylene) capillary and a platinum electrode [

—
X
=
<)
o
-

. . 0.6
greatly reduced both the size and number of particles -
in control experiments. Histograms of height distribu- 0471
tions of particles found after ES of solutions of 0.2

different PEOs in 50% MeOH are presented in Fig. 4
together with a control histogram of the solvent. It can
be seen that the presence of a relatively small fraction 02
of artifactual particles does not interfere with obser-
vation of polymeric globules. The rather broad distri-
bution of heights among the polymer globules may Fig. 5. Dependence of the average height of globules on the
reflect (1) polydispersity of the polymer sample, (2) molecular mass of F_’EO. _PEooglobuIes were ir:waged a_fte[’ ES of
different level of flattening, and (3) presence of TG "0 AT UL Cored ot n i wih a
intermolecular clusters. Despite all these factors, the hymidity between 6 and 30% in different experiments. Heights of
measured average height of polymer globules tends to 100-300 globules were measured in each experiment. The upper
increase roughly in proportion to the 1/3 power of the and Iqwer Iines‘ correspond t_o thepretical estimates of height
. . . ,. assuming spherical and hemispherical shapes of the globules,
mean molecular weight of polymer, as Fig. 5 indi-

) i respectively. (The density of amorphous PEO was taken as 1.126
cates. This dependence confirms that globules elec-g/cn? [40]).

Log M
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£ 200 radius exceeds the radius of particles, they tend to
c show nearly the same profile.
g 1757 Globules formed in ES do not show any changes in
§ 150 | - height or form upon sample storage in dry argon and
© . s * scanning if the relative humidity is kept belotv =
& 125 D/ o o ° 40%. Adistinct decrease in globule height (2—3-fold)
E B o ./06° o?* occurs after a brief, 20 s, sample exposure to a
100 g /0.' . humidity of A = 58%. Asseen in Fig. 6, the particles
75 o0 *9 flatten considerably judging from their quite different
/ ./ o ratios of height to diameter. This flattening of parti-
sor a8 cles of hydrophilic polymers in a humid atmosphere
25| /e ° may account for part of the measured spread in the
heights of globules in Figs. 4 and 5. Exposure to still
0 T T T T T higher humidity resulted in transformation of globules
0 10 20 30 40 50 60

Image height, nm

Fig. 6. Dependence of measured image diameter on image height

for a series of spherical gold and polystyrene particles (filled
circles), and for comparison, PEO-8M globles after ES deposited

into flat formless leaflets less than 1 nm high.

4. Discussion

on mica (empty circles). Squares correspond to PEO globules in the 4.1. Potential artifacts

same sample after exposing it to air with humidity of 58% for 20 s.
All measurements were performed with the same tip.

One important issue to be addressed first is the
possibility of artifacts in the imaging of our experi-

trosprayed from diluted (1-25 nM) solutions consist ments. In contrast to the early studies by Sullivan et
mostly of single polymer molecules and that no al. [25] and Reimann et al. [24] in which conclusions
considerable damage to these molecules occurs duringabout the structure of ES generated polymer ions were
the ESI and deposition. Two theoretical lines in Fig. 5 based on analysis of surface defects originating from
are calculated for each molecular weight assuming the impact of highly energetic polyions, the polyions
that the PEO globules are spheres (upper line) or in our experiments are deposited under much milder

hemispheres (lower line) with a density of the amor-
phous bulk polymer [39],p = 1,126 g/crmi. The
majority of the experimental points in Fig. 5 fall
between the two theoretical lines, indicating that
globules are not precisely spherical. This deviation
from sphericity increases with the size of PEO glob-
ules. A similar flattening in the case of larger poly-
styrene globules was noticed by Festag et al. [20].

conditions—that is, normal pressure, without acceler-
ation or exposure to high temperatures or high-energy
collisions with gas molecules. The structures we

observe on mica surfaces after ES deposition under
mild conditions can be easily displaced by scanning
with a large force. They also display a characteristic

deformability which increases with increase in rela-

tive humidity up to 40-50%: the height of the

Data presented in Fig. 6 also support the idea that structures begins to change at lower tip forces in
polymer globules can be described as spherical or humid conditions rather than in a dry atmosphere.
hemispherical particles, since they are characterized These features lead us to conclude that the observed

by the same ratio of effective AFM diameter to AFM

structures are not defects of the mica surface but real

height as gold and polystyrene spherical beads imagedstructures imaged on the intact mica surface.

with the same tip. It is difficult to distinguish between

AFM imaging of structures deposited under ES

spheres and hemispheres based only on measurementdoes not address the important question of whether

of height and effective lateral diameter: when the tip

the observed structures consist of polymer molecules.
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The answer is clearly yes in cases where numerousonly very flat disks and branched fibrillar structures
similar fibrillar structures are observed in a field. radiating from them were seen if good solvents were
However, the interpretation of globular structures at used. Since only good solvents are used in our
high dilution has to be more cautious. Solid residues experiments we believe that the nearly spherical
of salts and other impurities present in solvents, polymer particles observed here after ES deposition
products of dissolving the glass capillary, electro- could only be formed in the gas phase prior to impact
chemical reactions on the electrode, and carbonatewith the surface. Another argument supporting this
microcrystals known to grow on mica surface in conclusion is the relative instability of the structures
contact with ambient air [40,41], may all contribute observed in the presence of water used as a pure
statistically to observations of globular ES products. solvent or as a part of a solvent mixture in most of our
Based on control experiments with solvents, we have experiments. As mentioned in the Results section
found that ES in an atmosphere free of carbon above, even a brief (10—20 s) exposure of a sample to
dioxide, and use of polyethylene capillaries with a Pt moderately humid air A = 58%) results in drastic
electrode rather than glass capillaries with a tungsten flattening of globules and disappearance of thin fibers.
electrode, greatly reduce both the number and height Further increases in humidity cause complete disap-

of globules observed in controls. As seen in Fig. 5, the
average height of PEO globules is proportional to the
1/3 power of the molecular weight of PEO, which
shows that most of the globules consist of single
polymer molecules.

It is worth noting that our conclusion that the
polyions formed from diluted polymer solutions are

pearance of the above structures. Our estimates of the
average diameter of a droplet and calculation of the
evaporation time are presented in Appendix 1. The
results suggest that water droplets €fL um in
diameter, which are typically generated in our ES
conditions, will completely evaporate during their
30-40 mm trajectory from capillary to substrate.

globular is not affected by the possible presence of Since thermal motion of polymer chains is greatly
nonpolymeric globules among ES products, because hindered in the absence of solvent [34,45], we believe

fibrillar structures have never been found in control
ES of solvents or in ES deposits from dilute polymer
solutions. Still, the presence of nonpolymeric globules
could pose a serious problem if one is interested in
using ES deposition for microscopic analysis of poly-
mer mass distributions, for example.

4.2. Site of formation of polymer structures

that interconversion of globular and fibrillar polymer
structures on the mica surface is unlikely, hence the
observed structures could be formed in gas phase
only. A further argument favoring our conclusion that
formation of globular and fibrillar polyions occurs
during ESI and not as a result of drying droplets on
the surface is provided by the fact that globular
structures (instead of fibrillar ones) always occur upon
decreasing the polymer concentration beloy -

Do the structures we observe form in the gas phase gardless of the properties of surface or solvent used.

or on the surface? In principle, both globular and
fibrillar structures could be formed upon drying of a
droplet of polymer solution on a surface. Karthaus et
al. [42] have shown that a regular array of flat round
particles with a height of 2—7 nm and diameter of
~300 nm is formed on a mica surface upon drying a
layer of polystyrene solution in benzene. Richardson
[43,44] has demonstrated formation of nearly spheri-
cal polymer globules on carbon-coated mica after
evaporation of the solvent from microdroplets of
diluted polymer solutions in poor solvents. However,

Thus, in addition to our experiments with polymer
solutions in water, methanol, ethanol, and acetonitrile
sprayed onto hydrophilic mica surfaces, polymeric
globules have been detected on hydrophobic graphite
surfaces [20], on crystalline gold [27], and on silicon
[5], after ES deposition from dilute solutions in water,
chloroform, and formic acid—solvents which differ
tenfold in their saturation vapor pressure, threefold in
surface tension, and 15-fold in their dielectric con-
stant.

The smooth slightly wavy fibers seen in Figs. 2(B),
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(©), (E), and (G) are never observed after drying (same concentration, solvent, sign and potential value,
polymer solutions on surfaces. This provides a further rate of solution flow) have never revealed a single
argument to confirm that fibers form in the gas phase. fibrillar structure. The only reasonable explanation for
Additional arguments to indicate that thin polymer this discrepancy is that fibrillar structures are formed
fibers (0.2—8 nm high) are not only formed in gas in the mass spectroscopy experiments not by ESI
phase but have time to evaporate solvent before itself, but upon subsequent dehydration of PEO ions
falling onto the mica surface are the following: (1) and collision with gas molecules that are considerably
The characteristic bulges in zones of fiber crossing stronger in the mass spectroscopy device than in our
that are seen in the case of fibers that have beenexperiments. Polyions formed after ES fly in a
applied wet and then dried on surfaces [19] are absent; counter-flow of dry nitrogen heated to 333 K in mass
(2) the height of crossing of fibers agrees with the sum spectroscopy devices, and are subjected to collisions
of the diameters of the crossing fibers; and (3) the with gas atoms as they enter the vacuum chamber
lateral diameter of fiber images matches the diameters[46]. It is well known that three water molecules are
of standard polystyrene beads. bound per—CH,—CH,—O— repeat unit in the PEO
Thick fibers (10—60 nm high, such as those pre- helix [47]. Stripping these water molecules might
sented in Figs. 2(F), (H), and (I) are formed from considerably destabilize PEO globules and facilitate
polymer solutions at concentrations that are 4-10 their unfolding. Studies of protein ions using ion
times below those used in electrospinning [5,19,22]. mobility mass spectrometry techniques show that
Though undoubtedly formed in the gas phase also, even completely dehydrated protein ions can be un-
these thick fibers seemingly do not completely lose folded when heated by high energy collisions in a
solvent before deposition on the surface. The presencevacuum [48-50].
of flat ribbon fragments along the fiber in Fig. 2(H),
the growth of dendritic crystals [see Figs. 2(K) and 4.4. Implications for ES mechanisms
(J)] as well as the presence of “shish-kebob” type
structures [37] are all consistent with the presence of  The results presented above raise two important
solvent in or around the fibers. questions: (1) why is there always a critical concen-
The thrust of these arguments is that both the tration, G, below which fibrillar structures cannot be
globular and fibrillar polymer structures we observe observed in our experiments or other reports [5,20]?
are formed in the gas phase rather than on the surfaceand (2) why does the total concentration of monomer
and are unlikely to transform into each other if the rather than other factors determine the condition for
mica surface is kept dry. This conclusion allows us to fiber formation? Available theories of ESI do not
compare our data with the results from MS studies seem to answer these questions adequately.
and to make certain inferences about some of the At the present time, two different mechanisms of

possible mechanisms of ESI. ion formation in ESI are discussed (see the excellent
reviews by Kebarle and Tang [1] and Kebarle and Ho
4.3. Relation to MS studies [7]). According to Dole, polyions are simply the

residues left after evaporation of solvent from charged
According to MS data, the average mass per unit droplets [8,10]. This idea readily explains formation

charge in PEO ions is roughly the same/t = of globules. Fenn et al. [13] suggested, however, that
600-1200) fopolymer ions of different total molec-  extended polymer states must arise in ESI-MS in
ular weight. This has been interpreted in terms of a order to explain the constancy of mass-to-charge
model in which charges are distributed along the ratios for PEO samples of different mass. The alter-
extended polymer chain [11-13]. Our experiments native mechanism, proposed by Iribarne and Thom-
with ES of PEO solutions under conditions as close as son, explains formation of ions as the result of field
possible to those used in mass spectroscopy studiesvaporation [9]. In this model, an ion can cross a
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liquid/gas interface when the electric field on the our experiments we estimate that the diameter of the
droplet surface exceeds a critical level that is esti- jetis about 500 nm (the diameter of the jet is 1.9-fold
mated to happen only for droplets ef20 nm in smaller than that of initial droplets [52], see Appendix
diameter. Fenn’s modification of this mechanism [13] 1). The latter value is significantly larger than the
explains formation of extended fibers in terms of a average diameter of a random coil of even the largest
free end or loop which crosses the surface barrier due polymers used here (180 nm for PEO-8M). This could
to thermal motion and is then further pulled by explain why fibers are not formed from dilute polymer
electrostatic forces. If this process is stopped for any gg|utions. The fact that Cdepends on the total
reason “pins” should result. However, the images of qcentration of monomers rather than the molecular

“pins” presented in Figs. 2(C), (D), and (E) cannotbe qiqht of PEO provides a supportive argument for the
considered as a proof of this mechanism since the S'Zenecessity of chain entanglement and aggregation in
of the globules at the fiber ends considerably exceedsformation of fibers in ESI

the size of the droplets necessary for field evapora-

tion. Moreover, this mechanism does not explain why

fibers do not form when diluted solutions are sprayed.

What inhibits formation of a fiber when only a single 5 symmary

polymer molecule occupies a droplet? Estimates of

the dimensions of random coiled polymer chains In conclusion, we find that ES is capable of

according to Flory [51] give values between 3 and 90 producing a much greater diversity of polymer struc-

nm for the PEO samples of this study, close to. O tures than have been reported before. The range
greater than thelradlus of drloplets cz;paple OT field includes fibers with a thickness corresponding to the
evaporation (8—13 nm, [9]). Increased viscosity or height of single polymer chains and regularly

even .S.O|IdIfI.CatI.0n of the material in & drpplet befo.re branched fibers. Some of these structures might find
the critical size is reached could make this mechanism o . .
applications in polymer physics [20] and polymer

unacceptable in describing formation of large polymer ) .
P g ge poly technologies [53]. For example, the internal structure

ions. Although the mechanism of field evaporation ; b it tabricated by ES d i ¢
can account for formation of small organic or inor- 0 Imem r.ane Hers 1a rlcae" y hepo§| 'on ho
ganic ions or ions in globular proteins with a size less polymer ions can be controlled by changing the

than 10 nm, it seems unlikely to work in the case of concentration, solvent, or other parameters that deter-
high molecular weight linear polymers. mine whether fibrillar or globular structures will be

Formation of fibrillar structures might be explained deposited and thereby allow precise control of the size
by a different mechanism in which the end of a of polymer clusters. Formation of extended single-
polymer or a loop penetrates through the surface of a and double-stranded DNA fibers offers another exam-
charged droplet along with the flow of offspring Ple of current interest: ES deposition can be used to
microdroplets. Electrostatic repulsion could then drag prepare extended DNA molecules for analysis of their
the entire chain out of the droplet. This mechanism sequence, binding by proteins, or mapping with STM,
could operate in much larger droplets than those AFM, and other scanning probes capable of atomic
required for field evaporation. However, the absence resolution.
of any traces of fibrillar structures among the ES
products of diluted polymer solutions presents a
difficulty for this mechanism too. We suggest instead
that fibers might be formed in ES upon transition from Acknowledgements
the Taylor cone to a jet, the condition for their
formation being the presence of tangled chains with ~ This work was supported by NSF grant no. BIR
an effective size exceeding the diameter of the jet. In 9513571 and by NIH grant no. CA 24101.
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Table 2
Size and charge of water/glycerol droplets generated upon ES

V.N. Morozov et al./International Journal of Mass Spectrometry 178 (1998) 143-159

Glycerol Height? Radius
wiw, % Humidity d, mm V, kV I, NA Vv x10°° wm Q¥
5 20 11 29 12 1.9 0.6 0.50 0.40
5 20 20 3.1 12 1.304 0.57 0.48
5 20 30 3.6 17 1.8-0.6 0.51 0.29
5 20 38 4.3 17 2.4 0.8 0.48 0.34
10 30 20 3.3 13 2.5 0.8 0.46 0.29
10 88 20 4.3 10 2709 0.44 0.43

2Height denotes distance from capillary tip to substrate.

v, = NIV, 7, represents the number of droplets formed upon ES ek bf solution.
¢ Rayleigh charge for given radius was calculated as:@m(s;yR%)Y2, with &, being the dielectric constant for vacuum apdeing surface
tension of liquid. The latter value for 10% glycerel,= 0.0729 N/m at 18 °C is very close to that of water= 0.0730 N/m.

Appendix
Estimation of evaporation time in ES deposition

1. Experimental estimation of average size of parent
droplets

The size of a liquid droplet can be monitored
optically only if it is large enough [54]. We have

ES torch nor the current revealed any changes upon
such short-term substrate displacements.

The surface density of microdroplets collected
during a 2 speriod was measured with an optical
microscope X 30 objective) equipped with an epicon-
denser. Though droplets were beyond the optical
resolution to measure their diameters directly, they
can be easily counted to estimate the radial distribu-

developed a simple method to allow estimation of o of the surface density of droplets as well as the
average diameter of submicron droplets. The method ;o1 number of dropletsy, in the deposit. Routinely,

relies on direct counting of droplets of nonvolatile
liquid residues of electrosprayed droplets deposited
onto an optically flat mirror surface. It is based on the
assumption that only residues from parent micron
sized droplets will be optically detectable, whereas
those formed by drying of offspring droplets that have
a volume of roughly 1/1000 of the parent’s [54] will
not be visible.

Glycerol solutions in water (5 and 10%, w/w) were
electrosprayed under conditions typically used for ES
deposition of polymers: a capillary with external tip
diameter of 3Qum, flow rate of 0.2—0.3.L/min, and
voltage of 3—4 kV. Deposition was performed under
low and high humidity at different distances,

the number of droplet);(r) in five square fields of
areas = 9 X 9 = 81 um? each, were counted and
averaged. The substrate was then shifted by 1-2 mm
along the spot diameter and the same counting pro-
cedure repeated. The radial distribution of droplet
density that was obtained in this way was used to
calculate the total number of droplets in the deposit by
integrating over the area of the whole spot= s~ *

n(r) 2zrdr.

Data summarized in Table 2 show that variations
in the number of droplets per volume unit of liquid
(N/V; 7) do not exceed the experimental error despite
considerable variation in the capillary-to-substrate

between the capillary tip and the substrate. ES was distance, humidity, and glycerol content. Since the
performed through a dielectric mask with a round hole rate of droplet drying and the number of offspring

15 mm in diameter for a period sufficient to establish droplets formed should change drastically with these
stable ES. The substrate was then shifted rapidly to changes in conditions, one may conclude that off-
expose a clean arearf@ s and then returned to its  spring droplets do not interfere with our measurement
initial position. Neither the visual appearance of the and that the procedure gives a reliable estimate of the
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number of initial droplets and allows calculation of

their mean radius:
R = [(3/4) V; TIN]? (1)

Here V; is volume flow rate of solution. As seen in

157

2. Estimation of evaporation rate and path for
charged water droplet

The theory of droplet evaporation has been well
developed [61,62]. Evaporation of small droplets,

Table 1, the average radius of mother droplets under With R << A/, is not predicted to be influenced by

our experimental conditions B = 0.49+ 0.05um

droplet motion. If the mean free path of gas molecules

and does not show any significant dependence on theis A = 0.07 um and the condensation coefficient for

humidity, height, or glycerol concentration.
From the known current), the initial average
charge on the mother droplet3, can also be calcu-

lated:
Q=I7/N (2)

Two independent arguments support the reliability

of the above estimate of droplet size and explain the  — (v unJ4p) (1 — A)

lack of effect of glycerol. Extrapolation of the curve
presented in Fig. 6 of [55], describing the experimen-

tally measured diameters of water droplets as a

function of flow rateV;, for corona-assisted ES, gives
a diameter of less than gm for the value ofV; we
used. The relation of the average charge on the initia
droplet to its Rayleigh limitQ/Q, = 0.37 = 0.08,
is also in good agreement with data published in the
literature for ES of deionized wate€/Q, = 0.35
according to [56].

We used different formulas available in the litera-
ture to theoretically predict the expected diameter of

3 —
parent water droplets. Of the known equations used 10 m

(Pfeifer and Hendricks [57], Fernandez de la Mora
and Locetales [58], Gannan-Calvo [59]) only the
expression derived by Wilm and Mann [60] seems
consistent with our measurements. According to this
latter work the radius of a jet is:
R = {p/[4my tan(m/2 — )[(UJU)* — 1}*3VE?

(3)
Substituting values of the density,= 1000 kg/ms,
surface tension of watery = 0.07 N/m, ratio of
voltage actually operated in our ES to the threshold
voltage,U /U, = 1.1, andcone half-angle§ = 49°,
we obtain for the radius of jeR, = 0.37 um, which
is close to our experimental estimate for the radius of
the droplets.

water, y = 0.04, this condition is satisfied for water
droplets withR << 1.7 pum in air under normal
conditions. Evaporation of such a droplet then follows
the equation [63]:

R(t) =R, — at (4)

where

(5)

Here v4 is the average thermal velocity of water
molecules in the gas phagg, is the concentration of
the saturated vapor at the droplet temperature (for a

water droplet withR = 0.5 um the difference

| between this temperature and the temperature of gas

phase does not exakd K [62]), u is the mass of
solvent molecule andA = n/ng is the relative
humidity in the case of water. Taking into account
that at a room temperature of 2K a water droplet
has an actual temperature of 293 K and with=
5.9 X 10° m/s,u = 3 X 10 ?° kg, ng = 7.46 X

3 we obtaina = 96 um/s forA = 0 anda

= 72 um/s atA = 25%. This means that the total
time required to evaporate a droplet with initial radius
of 0.5umisty = 5.2ms atA = 0 andt, = 6.9 ms
atA = 25%.

To estimate the distance of flight of the evaporat-
ing and decaying charged droplet we assume that
droplets move in a constant electric field, that is
equal to the mean of the actual field present. The latter
value can be calculated using a point-to-plane approx-
imation of the actual field [64]:

E = V/d (6)

whereV andd are potential difference and distance
between capillary and substrate, respectively.
The electrophoretic mobilityZ, of the charged
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spherical droplet in a gas with viscosity;, is a
function of its radius [64]:

Z = (QE/6mR)[1+ (A/2R)]
X [2.51+ 0.80 exp(—1.1R/A)] (7)

which at A << R, reduces to the simple Stokes
equation:
Z = (QE/6mR) (8)

To obtain this equation of motion for a droplet in an

electric field we also neglect loss in mass as the
droplet decays (since each of them takes only about
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