
1111111111111111111inu1111111111u1111111111u~
(12) United States Patent

Wohl, Jr. et al.

(54) METHOD OF MAKING DYE-DOPED
POLYSTYRE MICROPARTICLES

(71) Applicant: The United States of America
represented by the Administrator of
the National Aeronautics and Space
Administration, Washington, DC (US)

(72) Inventors: Christopher J. Wohl, Jr., Portsmouth,
VA (US); Pacita L Tiemsin, Newport
News, VA (US); Paul M. Danehy,
Newport News, VA (US); Jason E.
Danley, Lincoln, NE (US)

(73) Assignee: The United States of America as
represented by the Administrator of
NASA, Washington, DC (US)

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 77 days.

(21) Appl. No.: 14/706,585

(22) Filed: May 7, 2015

(65) Prior Publication Data

US 2015/0322336 Al Nov. 12, 2015

Related U.S. Application Data

(60) Provisional application No. 62/109,359, filed on Jan.
29, 2015, provisional application No. 61/990,294,
filed on May 8, 2014.

(51) Int. Cl.
C09D 11/50 (2014.01)
C08F 212/14 (2006.01)

(Continued)
(52) U.S. Cl.

CPC ............ C08F 12/30 (2013.01); C09D 11/328
(2013.01); C09D 11/50 (2013.01); C09K

11/025 (2013.01);

(Continued)

(io) Patent No.: US 9,957,336 B2
(45) Date of Patent: May 1, 2018

(58) Field of Classification Search
CPC .. C09D 11/328; C09D 11/50; B42D 2033/14;

B42D 2033/20; B42D 2035/34; B42D
2035/40; C08J 7/065; HOTS 3/168

See application file for complete search history.

(56) References Cited

PUBLICATIONS

Borisov et al, Dye-Doped polymeric particles for sensing and

Imaging, 2010.*

(Continued)

Primary Examiner Holly Le

(74) Attorney, Agent, or Firm Jennifer L. Riley; Robin
W. Edwards; Mark P. Dvorscak

(57) ABSTRACT

Various embodiments provide dye-doped polystyrene
microspheres generated using dispersion polymerization.
Polystyrene microspheres may be doped with fluorescent
dyes, such as xanthene derivatives including kiton red 620
(KR620), using dispersion polymerization. Certain function-
alities, such as sodium styrene sulfonate, may be used to
shift the equilibrium distribution of dye molecules to favor
incorporation of the dye into the particles. Polyelectrolyte
materials, such as poly(diallyldimethyl ammonium chlo-
ride), PolyDADMAC, may be used to electrostatically trap
and bind dye molecules within the particles. A buffer may be
used to stabilize the pH change of the solution during
dye-doped polystyrene microsphere generation and the buf-
fer may be selected depending on the pKa of the dye being
incorporated. The various embodiments may provide dye-
doped polystyrene microspheres, such as KR620-doped
polystyrene microspheres that are non-toxic and non-carci-
nogenic. These non-toxic and non-carcinogenic dye-doped
polystyrene microspheres may be suitable for use in wind
tunnel testing.
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mM-'cm i  (an e of 118 MM-'CM -' in ethanol is reported
from Exciton). This was used to determine the KR620
concentration in the centrifugate. The collected spectra were
corrected for Rayleigh scattering to determine the absor-
bance at Xm_ arising solely from KR620. Calculated con-
centrations were then compared to the KR620 concentration
in the PSL batch to determine a % dye retention value (ret
%) according to equation 1:

ret % = 100 . 
[KR620] 0 - [KR620] CF (1)

[KR620] 0

where [KR620] 0 and [KR620] cr  are the KR620 concen-
trations calculated for the PSL batch and the centrifugate,
respectively. For the purposes of this work, a lower the
concentration of KR620 in the centrifugate indicated greater
retention of the dye in the PSL.

Generation of water-soluble colloidal material was not
desired and the amount of Rayleigh scattering by the cen-
trifugate was assumed to be related to the production of
these unwanted materials. The absorbance at 400 nm of
spectra not corrected for scattering was used to compare the
extent of water soluble colloidal material synthesis in each
batch.

The PIV data were recorded using either one or two
Photron SALT Fastcam high-speed cameras with a 1024x
1024 pixel resolution and 12-bit intensity digitization. The
cameras were positioned above and below the airflow and
perpendicular to the laser sheet for 2D PIV. Two Sigma 105
mm f/2.8 EX DG macro lenses were used with the cameras
to obtain a close-up image of the flow. The camera fields of
view for all experiments were approximately 30x30 mm2.

For fluorescence imaging, an Omega Optical 560 nm long
pass filter was attached to the lens, blocking out all Mie
scattered light from the particles and only allowing particle -
emitted fluorescent light to be captured by the camera. A 527
mu dual -head Nd:YLF laser (Photonics Model DM30) was
used at approximately 30 m7/pulse to illuminate the flow and
was controlled simultaneously with the camera by LaVi-
sion's DaVis software, recording at 2.5 kHz for time -
resolved images. Finally, an f~=-20 mm cylindrical lens was
used to form a thin laser sheet at the nozzle exit. The laser
sheet measured approximately 1.25 mm thick and 3.5 cm
wide in the measurement plane at the nozzle exit. The
cameras imaged a region of flow about 8 cm from the nozzle
exit.

PSLs were generated as aqueous suspensions at approxi-
mately 9 weight % solids. Although only 3 different KR620
concentrations were utilized throughout this work, the resul-
tant particle solution appearances varied considerably. The
solution color varied from white, indicating no retention of
KR620, to deep purple and various shades in between. After
the PSLs were synthesized, large agglomerated polystyrene
articles were observed that were strongly adhered to the stir
paddle on several occasions indicating that the styrene had
not been fully dispersed in the solution. In a few instances
that the solution was very light in color, the polystyrene
agglomerates were deeply colored indicated that the dye had
preferentially segregated into the amorphous polystyrene.
The solution opacity changed from empirically transparent,
indicating no particle formation, to cloudy indicating either
particle synthesis or emulsion formation. Once the particle
solutions were stored for at least 24 h, particle formation
would be apparent from separation of PSLs in the bottom of

10
the sample bottle. An emulsion, with soluble polymeric
materials, would not undergo this gravitational settling.

Several spectral properties of the PSLs were determined:
fluorescent emission intensity of dried PSL samples as well

5 as absorbance from KR620 and Rayleigh scattering at 400
mu from leach experiment solutions. The fluorescent emis-
sion was determined in the dried state to best reflect the state
in which these PSLs would be used for airflow seeding in
wind tunnel experiments. From leaching experiments, the

10 dye retention (ret %) was determined by measuring the
absorbance arising from KR620 in the centrifugate and
using an experimentally determined molar extinction coef-
ficient (e=110 MM-'CM-') to calculate dye concentration.
Rayleigh scattering arising from soluble polymeric material

15 was also determined in this solution by observing the
absorbance at 400 mu, a wavelength where no absorbance
arises from either KR620 or polystyrene. Combined, all of
these characterization experiments were utilized as
responses for DOE analysis.

20 The impact that inclusion of KR620 over the concentra-
tion range studied in this work has on the polymerization and
particle synthesis was critical to understanding how incor-
poration of other components changed the PSL dispersion
properties. As can be seen from Table 4, PSL hatches PSL-1

25 and PSL-2, consisting of the low and high KR620 concen-
tration limits, respectively, exhibited significantly different
properties. For PSL-1, approximately 1 µparticles were
generated and although the determined dye retention is high,
the fluorescent emission is relatively low. The relative

3o scattering at 400 nm, a qualitative measure of the amount of
solubilized, micellar oligomeric materials, was low. PSL-2,
generated with the high KR concentration, had a much lower
particle size, 0.58 µm, and a much greater relative scattering
value at 400 mu. Both of these results indicated that the

35 presence of KR was disrupting the polymerization process,
potentially due to the charged nature of the dye. Although
the leaching study indicated that the dye was retained (87%
retention), the relative fluorescent emission was very low.
This indicated that the KR was not initially captured by the

40 PSLs during synthesis and likely was retained in the
agglomerated polystyrene material adhered to the stir
paddle. Thus, without additional components, the pure poly-
styrene microspheres were determined to be unable to retain
KR in a sufficient quantity to yield highly fluorescent

45 particles while maintaining stable particle synthesis condi-
tions.

TABLE 4

50 DOE Synthetic Outline for each factor

Experiment #

Mean
Particle

Diameter
(µm)

Relative
Fluorescent

Emission
(a.u.) % Ret

Relative
Scattering at

400 nm
(a.u.)

55
PSL-1 0.971 ± 0.126 0.012 97.0% 0.053
PSL-2 0.577 ± 0.100 0.016 87.6% 0.201
PSL-3 0.590 ± 0.085 0.073 23.0% 0.798
PSL-4 0.603 ± 0.181 0.432 12.5% 0.166
PSL-5 0.738 ± 0.365 0.008 100.0% 0.262
PSL-6 0.664 ± 0.537 0.005 92.2% 0.454

60 PSL-7
PSL-8 1.357 ± 0.598 0.520 53.5% 0.163
PSL-9 1.574 ± 0.388 0.095 84.0% 0.211
PSL-10 0.654 ± 0.303 0.024 56.7% 0.277
PSL-11 0.772 ± 0.992 0.890 25.7% 0.706
PSL-12 0.577 ± 0.189 0.634 15.1% 0.535

65 PSL-13 0.695 ± 0.285 0.002 100.0% 0.298
PSL-14 1.593 ± 1.144 0.110 88.6% 0.300
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TABLE 4-continued

DOE Synthetic Outline for each factor

Mean Relative Relative
Particle Fluorescent Scattering at
Diameter Emission 400 nm

Experiment # (µm) (a.u.) % Ret (a.u.)

PSL-15 0.901 ± 0.828 0.329 21.9% 0.436
PSL-16
PSL-17 0.624 ± 0.186 0.339 -16.0% 0.587
PSL-18 0.627 ± 0.314 1.000 20.0% 0.755
PSL-19 0.596 ± 0.101 0.898 -26.0% 0.515
PSL-20 0.593 ± 0.098 0.402 19.7% 0.507
PSL-21 0.771 ± 0.270 0.744 -31.1% 0.530
PSL-22 0.612 ± 0.260 0.342 48.1% 0.721
PSL-23 0.592 ± 0.129 0.854 46.4% 0.468
PSL-24 0.636 ± 0.107 0.781 36.7% 1.000

As the design space for these experiments was relatively
small, comparison of two factors was relatively straightfor-
ward, especially considering that the combinations of great-
est relevance had KR620 concentration as one of the factors.
Addition of styrene sulfonate, at low KR concentrations,
PSL-2, resulted in a significant reduction in particle size and
an increase in relative scattering at 400 nun. Similarly, the
dye retention drops off precipitously. All of these results
indicate that the addition of styrene sulfonate increases the
solubility of the polymeric materials. interestingly, the rela-
tive fluorescent emission increased slightly. The presence of
the styrene sulfonate may have enabled better dispersion of
the KR620 in the polymeric matrix once dried. At high
KR620 and styrene sulfonate concentrations, PSL-4, the
particle Size is approximately the same as PSL-3, batch with
the same KR620 concentration and no styrene sulfonate.
Although the relative fluorescent emission increased by a
factor of 36, the retention was very low.
PolyD was incorporated in the dispersion for the purpose

of electrostatically trapping KR620 molecules within the
PSLs. Since PSLs synthesized via dispersion polymerization
using potassium persulfate decomposition as a radical
source have surfaces populated by sulfate groups, the polyD
may preferentially interact at the particle surface. This
interaction may generate an electrostatic double-layer at the
PSL surface that would prevent KR620 molecules from
diffusing out of the PSLs once generated. To determine
whether this approach was successful or not, batches PSL-1
and PSL-5 can be compared. As can be seen in Table 4,
although the particle size is reduced slightly and the standard
deviation increased along with the relative scattering at 400
nun, the dye retention was retained if not improved slightly.
The relative fluorescent emission was low, which would be
expected at this KR620 concentration. The decreased par-
ticle size and increased standard deviation and scattering
values could arise from the polyD acting to solubilize small
oligomeric species similar to what was observed with incor-
poration of styrene sulfonate. At high KR620 and polyD
concentrations, PSL-6, the particle size increased slightly as
did the relative scattering at 400 mu. Although the deter-
mined % retention increased slightly, relative to PSL-2, the
relative fluorescent emission actually decreased. Therefore,
the addition of polyD was not enough to prevent destabili-
zation of the dispersion polymerization arising from
increased KR620 concentration.

Although it has been reported that KR emission is rela-
tively insensitive to pH, preliminary results indicated that
the fluorescent properties of KR620-doped PSLs were influ-
enced by pH with a slightly basic pH yielding higher
fluorescent emission intensity. As the pH of the PSL solution

12
without any additional components, i.e., a dispersion gen-
erated from styrene monomer and potassium persulfate
alone, was determined to be slightly acidic, a slightly basic
buffer system, sodium bicarbonate, was utilized. When the

5 buffer was included at low KR concentrations, PSL-9, the
particle size increased along with the relative scattering at
400 nun, relative to PSL-1. The increased particle size
correlated well with the extensive research indicating that
increased ionic strength stabilizes the dispersion resulting in

to larger particle diameters. Although the % retention
decreased (84%) relative to PSL-1, the relative fluorescent
emission increased 8 times; which is significant considering
the fact that the dye concentration did not change. With the
inclusion of the buffer at the high KR620 concentration

15 range, PSL-10, there was a decrease in particle size, relative
to PSL-9, as well as a decrease in fluorescent emission
intensity, which is surprising considering that PSL-10 was
generated with an order of magnitude greater KR620 than
PSL-9. The % retention also decreased, relative to PSL-9,

20 suggesting again that the PSLs cannot retain all of the dye
at this KR620 loading level.
Based on all of the dual-factor influenced identified here,

there are several combinations of materials that may provide
both promising PSLs and poor performing PSLs with

25 respect to target particle size, dye retention, etc. For
example, PSLs generated with both polyD and buffer may
have moderate fluorescent emission properties, relatively
high % retention values, and potentially low scattered light
values. This combination was included in the DOE test

30 matrix and corresponds to batches PSL-13 and PSL-14 for
low and high KR620 concentrations, respectively. PSL-13
did not exhibit improved properties relative to PSL-1 (batch
comprised of styrene and KR620), PSL-5 (batch comprised
of styrene, KR620, and polyD), or PSL-9 (batch comprised

35 of styrene, KR620, and buffer). PSL-14, however, exhibited
properties that were superior, in most cases, to PSLs gen-
erated at this KR620 concentration without any other con-
stituent, with just polyD, or with just the buffer; PSL-2,
PSL-6, and PSL-10, respectively. Although the relative

40 fluorescent emission was not great, it was higher than that
determined for the other batches just mentioned, even
though the KR620 concentration was equivalent in all cases.
As described previously, this could be associated with the
dye becoming associated with the large amorphous polymer

45 residue that was found in the reaction kettle at the end of the
synthesis. The results for PSL-14 suggested that the KR620
had a stronger aflinity to associate with the PSLs, relative to
the amorphous polymeric material. The % retention for
PSL-14 was also comparable to these other batches.

50 As the intent of inclusion of both SS and polyD was to
attempt to generate an electrostatic double layer that would
act as a barrier to KR620 diffusion out of the PSLs, com-
parison of these batches was of interest. PSL-7 and PSL-8
are the combinations of these constituents at low and high

55 KR620 concentrations, respectively. Inexplicably, no par-
ticles were synthesis under the conditions in PSL-7. The
synthesis was repeated three times with no formation of
particles. PSL-8, however, did result in particle fabrication
with diameters >1 micron. Additionally, the fluorescent

60 emission was greatest for PSL-8, relative to PSL-2 (batch
consisting of just styrene and KR620), PSL-4 (batch con-
sisting of styrene, SS, and KR620), and PSL-6 (batch
consisting of styrene, polyD, and KR620). Although the %
retention is somewhat lower in PSL-8, relative to PSL-2 or

65 PSL-6, the very low fluorescent emission intensities mea-
sured for these two batches suggest that a majority of the dye
had diffused into the amorphous polystyrene material
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the KR620 PSL particles tested, enable successful fluores-
cence imaging and PIV processing in an airflow over 30 m/s,
a first for dye-doped PSL particles and fluorescent PIV.

The preceding description of the disclosed embodiments
is provided to enable any person skilled in the art to make
or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but
is to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein. The foregoing method descriptions and the
process flow diagrams are provided merely as illustrative
examples and are not intended to require or imply that the
steps of the various embodiments must be performed in the
order presented. As will be appreciated by one of skill in the
art the order of steps in the foregoing embodiments may be
performed in any order. Words such as "thereafter," "then,"
"next," etc. are not intended to limit the order of the steps;
these words are simply used to guide the reader through the
description of the methods.

The use of the terms "a" and "an" and "the" and similar
referents in the context of describing the invention (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. "Or" means "and/or." As used herein, the term "and/or"
includes any and all combinations of one or more of the
associated listed items. As also used herein, the term "com-
binations thereof' includes combinations having at least one
of the associated listed items, wherein the combination can
further include additional, like non-listed items. Further, the
terms "first," "second," and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. The modifier "about" used
in connection with a quantity is inclusive of the stated value
and has the meaning dictated by the context (e.g., it includes
the degree of error associated with measurement of the
particular quantity).

All cited patents, patent applications, and other references
are incorporated herein by reference in their entirety. How-
ever, if a term in the present application contradicts or
conflicts with a term in the incorporated reference, the term
from the present application takes precedence over the
conflicting term from the incorporated reference. All ranges
disclosed herein are inclusive of the endpoints, and the
endpoints are independently combinable with each other.
Each range disclosed herein constitutes a disclosure of any
point or sub -range lying within the disclosed range.

Reference throughout the specification to "another
embodiment", "an embodiment", "exemplary embodi-
ments", and so forth, means that a particular element (e.g.,
feature, structure, and/or characteristic) described in con-
nection with the embodiment is included in at least one
embodiment described herein, and can or cannot be present
in other embodiments. In addition, it is to be understood that
the described elements can be combined in any suitable
manner in the various embodiments and are not limited to
the specific combination in which they are discussed.

What is claimed is:
1. A method of making a dye-doped polystyrene micro -

sphere, comprising:
providing a first amount of a styrene monomer;
providing a second amount of a radical initiator;
providing a third amount of a fluorescent dye;

16
providing a fourth amount of a functionalized monomer

selected to impart a charge on the styrene monomer;
providing a fifth amount of a polyelectrolyte material of

opposite charge to the functionalized monomer; and
5 reacting the first amount of a styrene monomer, the second

amount of a radical initiator, the third amount of a
fluorescent dye, the fourth amount of a functionalized
monomer, and the fifth amount of a polyelectrolyte
material together in an inert atmosphere to generate the

10 dye-doped polystyrene microsphere having a mean
diameter from about 0.5 µm to about 1.5 µm.

2. The method of claim 1, further comprising providing a
sixth amount of a buffer material, wherein reacting the first

15 amount of a styrene monomer, the second amount of a
radical initiator, the third amount of a fluorescent dye, the
fourth amount of a functionalized monomer, and the fifth
amount of a polyelectrolyte, material together in an inert
atmosphere to generate the dye-doped polystyrene micro -

20 sphere comprises reacting the first amount of a styrene
monomer, the second amount of a radical initiator, the third
amount of a fluorescent dye, the fourth amount of a f mc-
tionalized monomer, the fifth amount of a polyelectrolyte
material, and the sixth amount of the buffer material together

25 in an inert atmosphere to generate the dye-doped polysty-
rene microsphere.

3. The method of claim 2, wherein the radical initiator is
potassium persulfate.

4. The method of claim 3, wherein the fluorescent dye has
3o a positive charge or a negative charge.

5. The method of claim 4, wherein the fluorescent dye is
kiton red 620 (KR620).

6. The method of claim 2, wherein the functionalized
monomer is a functionalized styrene monomer or a f mc-

35 tionalized acrylate monomer.
7. The method of claim 6, wherein the functionalized

monomer is sodium styrene sulfonate.
8. The method of claim. 2, wherein the polyelectrolyte

material is poly(diallyldimethyl ammonium chloride)
40 (polyD).

9. The method of claim 2, wherein the buffer material is
sodium bicarbonate.

10. The method of claim 9, wherein:
the radical initiator is potassium persulfate;

45 the fluorescent dye is kiton red 620 (KR620);
the functionalized monomer is sodium styrene sulfonate;
the polyelectrolyte material is poly(diallyldimethyl

ammonium chloride) (polyD);
the first amount of the styrene monomer is 33 mL;

50 the third amount of the KR620 is 5 milligrams to 50
milligrams; and

the second amount of the potassium persulfate is 0,2059
grams.

11. The method of claim 9, wherein:
55 the radical initiator is potassium persulfate;

the fluorescent dye is kiton red 620 (KR620);
the functionalized monomer is sodium styrene sulfonate;
the polyelectrolyte material is poly (diallyldimethyl

ammonium chloride) (polyD);
60 the first amount of the styrene monomer is 187 grams;

the fourth amount of the sodium styrene sulfonate is 20
grams;

the fifth amount of the polyD is 0.8 grams;
the sixth amount of the sodium bicarbonate is 12 grams;

65 the third amount of the KR620 is 0.4 grams; and
the second amount of the potassium persulfate is 1.6

grams.





US 9,957,336 B2
17 18

12. The method of claim 9, further comprising providing
a seventh amount of a cross linking agent, wherein reacting
the first amount of a styrene monomer, the second amount of
a potassium persulfate, the third amount of a xanthene dye,
the fourth amount of a functionalized monomer, the fifth s
amount of a polyelectrolyte material, and the sixth amount
of the buffer material together in an inert atmosphere to
generate the dye-doped polystyrene microsphere comprises
reacting the first amount of a styrene monomer, the second
amount of a potassium persulfate, the third amount of a io
xanthene dye, the fourth amount of a functionalized mono-
mer, the fifth amount of a polyelectrolyte material, the sixth
amount of the buffer material, and the seventh amount of the
cross linking agent together in an inert atmosphere to
generate the dye-doped polystyrene microsphere. 15

13. The method of claim 12, wherein the cross linking
agent is divinylbenzene.

14. The method of claim 1, where the dye-doped poly-
styrene microsphere has a mean diameter of about 1µm.

* * * * * 20
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