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Presentation Outline

Synthesis and Characterization of Dendritic Nanomaterials
Unique Properties Dendritic Nanomaterials

(1) Nanoscale container and scaffolding properties

(2) Amplification and functionalization of surface groups

(3) Building blocks for mesoscale assemblies with well defined nanosized
domains

(4) Dendritic effect

Applicationsto Environmental Remediation (Focus on Water Treatment and
Soil Remediation)

(1) High capacity and recyclable ligandsfor cationsand anions
(2) Recyclable unimolecular micellesfor organic solutes
(3) Redox and catalytically active dendritic nanoparticles
(4) Bioactive dendritic nanoparticles
Outlook on Dendritic Nanomaterials and Environmental Remediation
(1) Dendritic nanomaterialsfor water treatment
(2) Fate, transport and toxicity of dendrimers nanomaterials
(2) Development of low cost dendritic nanomaterials
Acknowledgments




-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

The Dendritic Macromolecular Architecture
(Tomalia, D. A. Aldrichimica Acta. 2004, Vol 37, No 2, p. 39)

Dendritic Architecture:
predicated upon the
covalent linkage of
molecular connectors and
branching points to a core
with multiple branching
sites

High level of Synthetic
Control: makes possible
the synthesis of nearly
monodi sperse nanoscale
ligands with well defined
molecular composition,
size and shape
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Divergent Synthesis of Poly(amidoamine) Dendrimerswith
Ethylene Diamine Core (EDA) and NH, Terminal Groups

sy
Hz M PHz
Hz MHz
L Cihvle INH o hrldl—-|J one r““"“*~*"*|~\1|1I IINM
a) /\J_]: -:::A\L j a) f\(J_]: M——T
MHz
HEN_J-"“HVH - N%N\L_?-::- e HEmeII LL]NM
rH:
a) HEN‘“v"’““NHg H—g,: HF b WNW"“NI—& PR,
~ N
Hz Ho
Hph H‘ MHp GENERATION 1
g
e
HEN;I MH; 2 f\gmﬂe BY bl
GENERATION 0
MHx  MH
Hz
VAT S UL N
A
Cihde . i
o bt i
a) /\JL/ et NAIT er g
GENEBRATION (2 + N) e EE— N ;IN_Ni
a) HENWNH: J_I_NWEN g%mmml—b
HeM § : ‘;N
g Ik 0,
HzM MHe  Hohi MHg

GENERATION 2



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Convergent Synthesis of Poly(Benzyl Ether) Dendrimers
(Hawker, C. and Frechet, J. M. J., JACS, 112, 7639, 1990)

2 [G-2)-OH _
o

3 b“ ~ Monomer 12 (G-31.B
C}" ° d O K,CO, /18-C-6 -31-Br

° S 2%
O &

do 13 [G-4)-OH

95% | CBr, / PPh,
I4 [G-4]-Br Monomer 15 [(G-5)-OH
K,CO; / 18-C-6
85%

nominal mol. weight 13,542
mol. formula CBHH?E?:B;Olzs I8 [G-6)-Br

e

CBr‘!PPha_

_ S
CBr, / PPh, Q\Ej o _
93% Q_,o 5:}“&
Q Q
1¢ [G-2]-Br

K200 | Monomer
18-C-6 88 %

S
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o
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18% Monomer

K,CO, /18-C-6

72 % 1Z [G-6]-OH
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Chemical Characterization of Dendritic M acromolecules
(Tomalia, D. A. Aldrichimica Acta. 2004, Vol 37, No 2, p. 39)

G=4 1§
G=3 a _=MNH = . =
G=2 . CHH -"J&-."xr-.lH mMumber of surface Group
= . 'ii:__ H - o FH surface Z=M M5 amplification per
= [ ; “'.- EHH '!n, rle- Groups Genaration
G=-0 : = e
i - - Mumber of M, 51 Mumber of
i | Eranch BC = R M1 Covalent Bonds
= ! < E_-I_I:: b |__per Ge-_ne-ratl-:-n
Molecular |y =m_on, (May | EEL |4 S
| el ghts i M-
Hyd rodynam lc
Mo, of NH Surface Ol a meter
GeErn Groups Molecular Formula T trm)
0 4 CaaHealMy g Dy=; BEA 1A
1 8 CeaHyaaMasasz 1,522 2.2
2 16 CaaH 200Ms g Oes5, 3.348 249
3 32 Egna He 12y 225 kn S 7.001 3.6
1 £4 CezaHr1z=aMasn™2a%2 14,307 4.5
5 T2 CyasaHaeaaMone s 28,918 5.4
5] 256 EI'S-HHECI'E'.ZN“:H&I:‘E-UESJ SE,140 [
T 51z Tt paHoz12M 2002 S0 52 16,585 B

I = monomer-shall abration kevel B = core doystaminsd mubiplicity, My = branch cell B0 molbplid iy, G = genaration.

1H and 13C NMR Spectr oscopy
HPLC

Size Exclusion Chromatography (SEC)

Capillary Electrophoresis (CE)

Polyacrylamide Gel Electrophoresis (PAGE)
MALDI and ESI Mass Spectrometry



Characterization of the 3-D Structuresof G5-NH, PAMAM
Dendrimer by Molecular Dynamics Simulationsin Water

bulk water domain
= walter cdon
buned waler domain

— (Maiti et al. M acromolecules, 2005, 38, 979-991)
2 (Lin et al. J. Phys. B., 2005, 109, 8663-8672)
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Unique Properties of Dendritic M acromolecules
(Tomalia, D. A. Aldrichimica Acta. 2004, Vol 37, No 2, p. 39)
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Dendritic Nanomaterials as High Capacity and

Recyclable Ligandsfor Cations
(Diallo et al. Langmuir. 2004, 20 (7): 2640-2651)

N () e, e,
N _,NH3 ,Nﬂz |:|2N NH\. “HN NH‘ [l ):H 2 \ﬁﬂ}:ﬂ \&H,cﬂ: \I{H}:H
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Dendrimers

Core-Shell Tecto(dendrimers)  Dendrigrafi Polymers

Dendrimer Water Contaminated
Solution by Metal lons

Chelating Agents

Recovery of Metal lons[e.g. Cu(ll)] from Aqueous

solutions by Dendrimer Enhanced Ultr afiltration
- Didlo et a. 2005, Environ. Sci. Technol. 39, 1366-1377 and
Diallo, M. S. US Patent Pending)

Hyperbranched Polymers
Z.H:
beavani

¢ LA
g

s
tﬁ d % .

Filr;llinr! IInit# 1

Clean Water

Recovery Unit

Fitration Unit #2
Dendrimer

Recovery Unit

US EPA ARCHIVE DOC

l Concentrated
Metal lon
Solution

Environmental Applications of Dendritic Nanoscale

Removal of Cu(ll) from Contaminated

Soil Using PAMAM Dendrimers (Xu, Y.
and Zhao, D. 2005, Environ. Sci. Technol. 39

2369-2375)

8000

T000 4

Dendrimer introduced here

== G4 5.CO0H 0.040%
e G 5.000H 0.90%

100

FIGURE 1. Copper elution histories during twe separate column
runs with 0.040% and 0.10% G4.5-COOH at pH 6.0.
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Dendritic Nanomaterials as High Capacity and Recyclable
Ligandsfor Anionsin Agqueous Solutions

Anions have a variety of shapes (Gloe et a. Chem. Eng. Technol. 2003, 26,1107-1117)

T Lt 3 P Rl € ¥ e = P

rlabedral

E*, CI, Br C L L 2H,
I e FAUCHT, ST e AL ey, Tedhy, Redy” Prg, SiFe®
Birnbaum et al. Sep. ci. Technol. 2003, 38, 389-404).
_ ~LOH THE . O AL . - :
dendrimer- NH,  Br —— - dendrimer N ;RnLMM_-;'-“ ; Table 1. Molar capacity of modified dendrimer complexes and
H RO polymers for oxyanions in single anion experiments,
) ) B} = _ —
N ] . _ - Molar capucity (mmol ion/e dendtimer)
dendrimer—NH, - ||’ “j/lOH g_p_gg oerudrirner—Ni‘[N“ PAMAM-£/. Single anion eapacities
~NF H 2 5% modified polymer CrQ, As(), Py,
FPAMAM 4.0 1.99 174 .63
THE r COOH PAMAM-CH 23 1.2 07
:' dendrimer—NH; + g™~ T 0 geordrimer —N PAMAM 3.5 S N - 2
enaralion 3.0 1_((}01[ 64 carboxylates PAMAM-PZ L.17 108 .4
| A PEI 4.13 491 25
igure I Synthetic scheme [or the fhyee modified dendrimers used for anion binding ~ PEI-OH 2.3 3.04 3.93
aperiments. The pulymcrs were prepared in an analomous fashion, PEI-FZ 1.79 [.70 203




Dendritic Macromolecules as Unimolecular Micelles
for Organic Solutes

(Stribaet a. 2002, Angwate. Chemie. MD Simulations of the Meijer Dendrimer Box

Int. Ed., 41 (8), pp 1329-1324) Mikliset al. 1997, JACS, 131, 7458
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Catalytic Dendritic Macromolecules
(Astruc D. and Chardac, F. Chem. Rev. 2001, 101, 2991-3023)

H |: 3‘-: N—Ni—|.~|-|:|.|3 EH"!
S H.C.! Br

Er ~GHy | =t ;

% \‘l Lﬂ e / H'Niq___ -EH:'I
HEC'. XNI\,,:J\ 1 H y ¢ '-GH
HaC J FE" d 3
3 0=k,

\_F‘:}‘Q'F_“\N.H o N

o0 { o M
H;,C L l{} Ir o ..-‘E!r
j d ~ ™

T N~
{: 1 ¢cH Si—CH3 = \
Ha o FHa i ;'"NH CHy
~gi { H3C~Si-CHa
—\_\_.-‘D Had "\_—‘_‘ llr:l _/—_//

-""r HHGE .-'

L CHy gy - CHs
HeQ HyC™ ( f SH, =
— ] 1 # 5 0}
- 9 5'3%3\ o bendl &0 o {{r{i B
B“"r"i”'% ELFE“'H‘U”'““"A'H (I_;H . ) \ éHa ho )
.-H 3 'II_J ; (\ GHE H:]l:jll .H":H:.I
H,yC Erg Haé.‘.‘;slf CH3 __5|__‘ Gl—'dSI——D
e S -GHE{; di oMl
) Onc-si 0 R
(o s r 3 ~CHy | N __ CHs
N ( ( ’ LAY
HyC J" { - .
T
N Hy=g ; N HaC™ CH,
Hat THs — O\i,;;o b
HsCo N HN ﬁh_i}ﬂ ot
i f
HaC NI (N “cHg
s N, 3
o, 1'ory Y net e
a- HzC- N._N[--—Nﬂr_: Ha CHg
HsC g CHs

Figure 1. van Koten's metallodendrimer that catalyzes the Kharasch additions of polyhalogenoalkanes to C=C honds



Dendrimer-Encapsulated Zero Valent Metal Clusters
(Scott et al. J. Phys. Chem. B. 2005, 109, 692-704)

TABLE 2: Hyvdrogenation Reaction Rates Using
Gx-OH(Pdy) Catalysts for Structurally Related Allylic
Alcohols®

TOF[mol H,(mol Pd)™ h™"]

SCHEME 1 Substrates

DEN

G4-0H(Pd,,) | GE—0OH(Pd,,)  GE-OH(Pd,,)

) F_é‘ £ 480/470" 450/460° 120

- HH
14 B g 450/460° 380 53
G4-0H Dendrimer
Reprinted with permission from Chem. Mater. 2003, 13, 3873—3878, O
Copynght 2003 Amencan Chenueal Society. — Clo 280 &8
SCHEME 2 :
. 150 75 62
= 100 40 50

e

* Hydrogenation reactions were carried out at 25 + 2 “C using 2 x
1O M Gx-OH(Pdao) catalysts in MeOH—H20 {4:1 v/v) mixtures. The
turnover frequency (TOF) was calculated based on Ha uptake.
'Duplicate measurements were performed to illustrate the level of run-
% to-run reproducibility. Reprinted with permission from J. Am. Chem.

Soc. 2001, 7123, 6840—6846. Copyright 2001 Amencan Chemical

&4-0OH(Pd,,) Society.
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Bioactive Dendritic M acromolecules

Eel, Biolum,
[=]
M

oAt _ 0.3 -
rrrrr' . 0.2 x\x
Cy 01
Cy° 0
Figure 2. Scheme of generation 2 poly(propyleneiming) dendrimer " 1 T R A

Timne {minutes)

quaternary ammaonium biocides with 8@ QAT groups on the surface.

Figure 4. Effect of generation on biocidal activities on dendrimers
Table 1. Dendritic Biocides Synthesized in This Study?® with Caz hydrophobes: triangle, DICINC12; rectangle, D2CIMNC1Z2;
diamond, D1CINCAZ; filled circle, D4CZIMNCA2; star DSCINC1Z2, Tha
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_ W*"':II'}I"'_WL'IC no. of concentration was 4 ag/mL of dendrimer.
dendrimer/ chain QAC theor N
HEF CJen length ctr groups W = 5 ) I . R i .
_ Table 2. Comparison among small Malecule Biocides, Polymer
DICINGT2 - dendrimer 1 2 chood 1 Biocides, and Dendrimer Biocides Regarding Their Interactions
D2ZCINC1Z  dendrimer 2 12 Cl & 3324 o e -
D3CINC12  dendrimer 3 12 cl 16 6789 with Bacteria
DA4CINC12  dendrimer 4 12 (] 32 13719 small
DECINCA2  dendrimer < 12 (] i 27578
D2CINC16  dendrimer 2 16 cl 8 37172 molecule  polymer  dendrimer
D3CINC16  dendrimer i | 16 Zl 16 TRES |:,i,:,,:i,:| e bi.:,,:id,?s bi':":i':IE'E-
DACINCIE  dendrimer 4 16 (] 32 15511
D3CINGE  dendrimer 3 g cl 16 5503 initial adsorption weak strong strong
DICNCAD - dendrimer 3 10 clh 16 6341 diffusion to the cytoplasmic high |ow medium
D3CINC14  dendrimer 3 14 cl 16 7237 membrane
D3BrMNC14  dendrimer 23 14 Er 16 7949 = e
H3CINC12 HEP 3 12 Cl 32 13573 binding to the membrans |cw medium high
= Note: HBP refers to hyperbranched polymers. gen — generation. oir disruption and disintegration |ow medium high

= counteranion. theor = theoretical. of the membrane




Outlook: Dendritic Nanomaterials as Functional

Materialsfor Water Purification

« The ability to design and synthesize water-soluble or
solid supported high-molecular weight dendrimer based
functional nanostructureswith

Cation/anion binding functional groups,

e redox active metal ionsand clusters,

o catalytically active metal ionsand clusters
* hydrophobic cavities

* bioactive active agents

e providesnew and unprecedented opportunitiesfor
developing a new generation of efficient, cost effective
and environmentally acceptable functional materialsfor
water treatment processes
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Outlook: Fate, Transport and Toxicity of Dendritic
Nanomaterials

 Numerousdendrimer toxicity and biodistribution studies
have carried out duringthelast 5 years

— However, the effects of dendrimer core and terminal
group chemistry, size, shape, hydrophobicity on
dendrimer interactions with cell membranes and
toxicity are still not well under stood.

 Only alimited number of studies have been published on
thefate and tranport of dendrimersin the environment

— Sorption of dendrimers onto mineral surfaces
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The Price of Nanotechnology
(Slide Provided by Dendritic Nanotechnologies, INC)

Buckyball pricing from BuckyUSA,

SW & MWCNT pricing from BuckyUSA, CNI, and Carbon Solutions
Dendrimers pricing from Dendritech & DNT

Silica and Latex Beads from Polysciences

E The retail price of the major classes of nanosized chemistries such as buckyballs, single wall
nanotubes, dendrimers, and other nanoparticles are very expensive. Less expensive materials

E typically are impure, exhibit poor size control, and limited size range.

- —

O Retail Price (per gram)

o Nanotechnology Low High

a (Less Pure) (Purified Product)

w Buckyballs $ 30.00 $ 120.00

a Single Wall Carbon Nanotubes $ 50.00 $ 2,000.00

- Multi Wall Carbon Nanotubes $ 100.00 $ 500.00

E PAMAM GO Amino Dendrimers $ 82.00 $ 219.00

o’ PAMAM G6 Amino Dendrimers $ 600.00 $ 3,000.00

q 50 nm Silica Bead $ 100.00 $ 100.00

ﬁ 50 nm Latex Bead $ 230.00 $ 230.00

o Priostar ™ Dendrimers $ 0.50 $ 5.00

wl

7))

=




DENDRITIC NANOTECHNOLOGIES INC. -

TINY TECHNOLOGY. BIG RESULTS. °

T - 4
Cost Profile: STARBURST® vs. Priostar™ Dendrimers
$500

$400
$300

-+ Priostar™
$200 -

Cost per gram

$100 -

US EPA ARCHIVE DOCUMENT

Generation
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