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Historical Background :[1-3] 
 
 Alchemy (331 B.C. ɀ 18th Century) - 

chemistry chaos, empirical chemistry 
recipes, not a true science. 

 
 L.-J. Proust (1788) - reactive modules, 

whole integer relationships in 
reactions/assemblies. 

 
 A.L. Lavoisier (1789) - chemical evidence 

for reactive modules- atoms/elements 
(Traite Elementaire de Chemie.  

 
 J. Dalton (1808) - First example of atom 

mimicry, wood spheroids (first CPK 
models), table of chemical elements, 
compound atoms, first chemical 
symbols/chemical language (front page). 

 
Atoms: 
Á Form chemical bonds 
Á Bond with discrete valencies and 

stoichiometries 
Á Bond with discrete directionality  
Á Exhibit systematic property trends 

 
 J. Berzelius (1832) - first universal 

chemical language based on chemical 
symbols, isomerism, etc. [4] 

 
 Others: S. Cannizzaro (1860), J. Newland 
ɉρψφυɊ Ȱ,Á× ÏÆ ÏÃÔÁÖÅÓȱȟ ÅÔÃȢɀ observed 
many mini -periodic property patterns 
associated with the elements. 

 
 Pre-Mendeleev: Elemental physical 

properties depend on mass (size); 
Chemical properties depend on valency. 

 
MendeleevȭÓ Dream:  
A 19th  Century Concept (1808 -1869)  
 
Mendeleev attempted to rationalize mini 
periodic patterns.  This led to systematic 
framework for all atomic elements 
ɉ-ÅÎÄÅÌÅÅÖȭÓ Periodic Table) . [5] 
 

19 th  and 20 th  Century Chemists/P hysicists  
A traditional chemistry system and 
nomenclature evolves -ɀȰcentral paradigm .ȱ 
 
A 20th  Century overview of the Periodic 
Table:  
Based on observed periodic patterns and 20th 
century insights the atomic elements may be 
viewed to exhibit general trends and Critical 
Atomic Design Parameters ɉ#!$0ȭÓɊ[6,7]  as 
described in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  1. 
 

Tomalia ȭÓ  $ÒÅÁÍ: 
 A 21st Century Concept (1985 -1990)  
 Reported first synthesis of complete 

dendrimer family ɉÉȢÅȢȟ 0!-!-ȭÓɊ ɍ8] and 
their use as precise, systematic nanoscale 
building blocks for construction of new 
mega polymers called Ȱ3ÔÁÒÂÕÒÓÔ 
PolyÍÅÒÓȱȢ  

 Subsequent dendrimer studies  provided 
insights into the importance of  Ȱcritical 
structure control  ÐÁÒÁÍÅÔÅÒÓȱ ÉÎÖÏÌÖÅÄ ÁÔ 
the atomic CADP, small molecule CMDP, 
and nanoscale CNDP levels; namely: (a) 
size, (b) shape, (c) surface chemistry, (d) 
flexibility /rigidity, (e) architecture/ 
topology, (f) elemental composition. 
Performing iterative reaction sequences 
(i.e., aufbau steps) according to dendritic 
growth principles  transferred CADP-
>CMDP>CNDP and  produced precise, 
synthetic nanoscale macromolecules with 
structure control equivalent to precise 
biological macromolecules such as 
proteins, DNA and RNA.[5]  
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All summed up in Angew . Chem. Abstract-
(1990) ɀ ISI citations: >2100.  [6]  
 
Abstract  

Starburst dendrimers are three-dimensional, highly 
ordered oligomeric and polymeric compounds 
formed by reiterative reaction sequences starting 
from small moleculesɂȰÉÎÉÔÉÁÔÏÒ ÃÏÒÅÓȱ ÓÕÃÈ ÁÓ 
ammonia or pentaerythritol.  Protecting group 
strategies are crucial in these syntheses, which 
ÐÒÏÃÅÅÄ ÖÉÁ ÄÉÓÃÒÅÔÅ Ȱ!ÕÆÂÁÕȱ ÓÔÁÇÅÓ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ 
generations.  Critical molecular design parameters 
(CMDPs) such as size, shape, and surface chemistry 
may be controlled by reactions and synthetic 
building blocks used.  Starburst dendrimers can 
mimic certain properties of micelles and liposomes 
and even those of biomolecules and the still more 
complicated, but highly organized, building blocks 
of biological systems.  Numerous applications of 
these compounds are conceivable, particularly in 
mimicking the functions of large biomolecules as 
drug carriers and immunogens.  This new branch of 
ȰÓÕÐÒÁÍÏÌÅÃÕÌÁÒ ÃÈÅÍÉÓÔÒÙȱ ÓÈÏÕÌÄ ÓÐÁÒË ÎÅ× 
developments in both organic and macromolecular 
chemistry.[6]  

 
Figure 2.[6]  

 
Further Elaboration/Expansion of the 
Ȱ4ÈÅ $ÒÅÁÍȱ (1994 -2009) : 
 

Questions asked:   
 
 ȰCould traditional chemistry 1st principles 

be used to define a central paradigm for 
synthetic nanoscale chemistry?ȱ  

 Based on the presumed conservation and 
communication of critical atomic design 
parameters (CADPs) from atomic to the 
molecular and  nanoscale levelɂ 

 ȰCould one expect to see analogies of 
atomic element (atom mimicry), 
compound formation and periodic 
property patterns for well-defined 
nanoscale modules (i.e., collections of 103 -
109 atoms; 104 -1010 daltons) that are 103 
larger than atoms?ȱ 
 
 
 
 
 
 
 
 
 

Published work to answer these questions:   
 
1. Adv. Materials  (1994)  - Atom mimicry at 

the nanoscale level observed for 
dendrimers--modular reactivity/nano -
compound formation.[7]  

2. Progress in Polymer Sci. (2005 ) - 
Quantized nanoscale building 
blocks/modules.[8]  

3. NSF Workshop (2007)  entitled : 
Ȱ0ÅÒÉÏÄÉÃ 0ÁÔterns, Relationships and 
Categories of Well Defined Nanoscale 
"ÕÉÌÄÉÎÇ "ÌÏÃËÓȱȢ[9]   

4. J. Nanoparticle Research (2009 ) -  Ȱ)Î 
Quest of a System for Unifying and 
Defining  NanoscienceȱȢ[10]  

5. Soft Matter  (2009, in press)   - 
Ȱ$ÅÎÄÒÏÎÓȾ$ÅÎÄÒÉÍÅÒÓȡ  1ÕÁÎÔÉÚÅÄȟ 
Nano-Element Like Building Blocks for 
Soft-Soft and Soft Hard Nano-Compound 
SynthesisȢȱ[11]  
 
 
 

 

 



4 

 

© D.A. Tomalia, National Dendrimer & Nanotechnology Center, Central Michigan University, 2009.   

 

Fulfillment of ȰThe Dreamȱ: 
 
(a) Atom mimicry principles are exhibited by 

all presently known categories of  Ȱwell-
defined ÎÁÎÏÍÁÔÅÒÉÁÌÓȱ ɉÉȢÅȢȟ ÓÏÆÔ ÁÎÄ ÈÁÒÄ 
matter) . 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 
 

 
 
 
 
 
 
 
 
 
 

Figure 4. 
 

 
 
 
 
 
 
 
 
 
 

Figure 5.[12]  

 
(b)  A Nanomaterials Classification 

Roadmap  has been proposed for all well-
defined soft and hard nanoparticles (i.e., 
0-D/1 -D). Based on ȰÁÔÏÍ ÍÉÍÉÃÒÙȱ ÁÎÄ 
other traditional  chemistry 1st principles 

(i.e., conservation of structure controlled 
CMDPs/CNDPs), six categories of soft 
particle nano-elements and six categories 
of hard particle nano-elements have been 
proposed.[10]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 . 

 
 
 
 
 
 
 
 
 
 
 

Figure 7 . 

 
 
 
 
 
 
 
 
 

Figure 8 .[13]  

He Ne Ar Kr XeHe Ne Ar Kr Xe

Picoscale Matter 

(Atoms)

Elements Exhibiting 

Noble Gas 

Configurations

Electron shell levels: 1 2 3 4 5Electron shell levels: 1 2 3 4 5

Saturation values (n): 2 10 18 36 54Saturation values (n): 2 10 18 36 54

Atomic weights: 4.00 20.17 39.94 83.80 131.30Atomic weights: 4.00 20.17 39.94 83.80 131.30

Shell Components 

n (Electrons)

.064 nm .138 nm .194 nm .220nm .260 nmDiameters: .064 nm .138 nm .194 nm .220nm .260 nmDiameters:

Hard Nano-Matter 

(Gold Nanoclusters)

Full-Shell 

ñMagic Numberò

Clusters

Atom shell levels: 1 2 3 4 5Atom shell levels: 1 2 3 4 5

Saturation values (n): 12 54 146 308 560Saturation values (n): 12 54 146 308 560

Nano-cluster weights: 2560 10833 28953 60861 110495Nano-cluster weights: 2560 10833 28953 60861 110495

Shell Components 

n (Au Atoms)

.864 nm 1.44 nm 2.02 nm 2.59 nm 3.17 nmDiameters: .864 nm 1.44 nm 2.02 nm 2.59 nm 3.17 nmDiameters:

1.58 nm

G=1

2.2 nm

G=2

3.10 nm

G=3

4.0 nm

G=4

5.3 nm

G=5
1 nm

G=0

Core

Soft Nano-Matter

(Dendrimers)

Saturated 

Monomer

Shells

Shell Components

n (Monomers) Saturation values (n): 9 21 45 93 189Saturation values (n): 9 21 45 93 189

Nanostructure weights: 144 2414 5154 10632 21591Nanostructure weights: 144 2414 5154 10632 21591

Monomer shell levels: G=1 G=2 G=3 G=4 G=5Monomer shell levels: G=1 G=2 G=3 G=4 G=5

1.58 nm 2.2 nm 3.10 nm 4.0 nm 5.3 nmDiameters: 1.58 nm 2.2 nm 3.10 nm 4.0 nm 5.3 nmDiameters:

 

 

 

Nanomaterials Classification Roadmap

Well-Defined Materials

Atom Mimicry

Category I

Nanoparticles

Undefined MaterialsUndefined Materials

Category II
Atom-Based Structures/Assemblies

Nano-compounds/Assemblies

Nano-elements

Hard 

Nanoparticles

Soft 

Nanoparticles

Physico-Chemical

ÅSize

ÅShape

ÅSurface Chemistry

ÅInterior Features

ÅFlexibility/Polarizability

ÅArchitecture

Functional/Applications

ÅPhotonic

ÅMagnetic

ÅToxicology

ÅElectronic

ÅCatalysis

ÅImaging

Nano-periodic Properties

Diameters: 1-100 nm

Mass:  104-1010 daltons

# of Atoms:  103-109

Topology:  0-D and 1-D

Nanoclusters

Gold

Palladium

Silver, etc.

H-1

Nano-Crystals

Metal-Non Metal 

(Groups 4A-7A Compounds)

Amorphous

Nanoparticles

Silca

Nanoparticles

H-4

Non-

Metals

Rigid Carbon Allotropes

1-D Carbon

Nanotubes

H-6

0-D

Fullerenes

H-5

Metal

Chalcogenides

H-2

Metal Oxides

H-3

Conductors Semi-Conductors

Semi-

Metals
Metals

(M°)

Synthetic

Dendrons/

Dendrimers

S-1

Nanolatexes

S-2

Polymeric 

Micelles

S-3

Nanostructures/Particles

DNA/RNA

S-6

Biological 

Viruses

S-5

Proteins

S-4

Insulators

Non-Metal 

Organic Structures

Hard Particle Nano-Compounds

Nano-

Elements

H-1:H-1 H-2:H-1 H-3:H-1 H-4:H-1 H-5:H-1 H-6:H-1

H-2:H-2 H-3:H-2 H-4:H-2 H-5:H-2 H-6:H-2

H-2:H-3 H-3:H-3 H-4:H-3 H-5:H-3 H-6:H-3

H-2:H-4 H-3:H-4 H-4:H-4 H-5:H-4 H-6:H-4

H-2:H-5 H-3:H-5 H-4:H-5 H-5:H-5 H-6:H-5

H-2:H-6 H-3:H-6 4-H:H-6 H-5:H-6 H-6:H-6

Hard Particle Nano-Compounds

Nano-

Elements

H-1:H-1 H-2:H-1 H-3:H-1 H-4:H-1 H-5:H-1 H-6:H-1

H-2:H-2 H-3:H-2 H-4:H-2 H-5:H-2 H-6:H-2

H-2:H-3 H-3:H-3 H-4:H-3 H-5:H-3 H-6:H-3

H-2:H-4 H-3:H-4 H-4:H-4 H-5:H-4 H-6:H-4

H-2:H-5 H-3:H-5 H-4:H-5 H-5:H-5 H-6:H-5

H-2:H-6 H-3:H-6 4-H:H-6 H-5:H-6 H-6:H-6

Metal (M°) 

(Nanoclusters)

Metal (M°) 

(Nanoclusters)

Metal 

(Chalcogenide)

(Nanocrystals)

Metal 

(Chalcogenide)

(Nanocrystals)

Metal Oxide 

(Nanocrystals)

Metal Oxide 

(Nanocrystals)

Carbon

Nanotubes

Carbon

Nanotubes

Silica 

(Nanoparticles)

Silica 

(Nanoparticles)

FullerenesFullerenes

Metal (M°) 

(Nanoclusters)

Metal (M°) 

(Nanoclusters)

Metal 

(Chalcogenide)

(Nanocrystals)

Metal 

(Chalcogenide)

(Nanocrystals)

Metal Oxide 

(Nanocrystals)

Metal Oxide 

(Nanocrystals)

Carbon

Nanotubes

Carbon

Nanotubes
Silica 

(Nanoparticles)

Silica 

(Nanoparticles) FullerenesFullerenes

Soft/Hard Particle Nano-Compounds

Nano-

Elements

S-1:H-1 S-2:H-1 S-3:H-1 S-4:H-1 S-5:H-1 S-6:H-1

S-1:H-2 S-2:H-2 S-3:H-2 S-4:H-2 S-5:H-2 S-6:H-2

S-1:H-3 S-2:H-3 S-3:H-3 S-4:H-3 S-5:H-3 S-6:H-3

S-1:H-4 S-2:H-4 S-3:H-4 S-4:H-4 S-5:H-4 S-6:H-4

S-1:H-5 S-2:H-5 S-3:H-5 S-4:H-5 S-5:H-5 S-6:H-5

S-1:H-6 S-2:H-6 S-3:H-6 S-4:H-6 S-5:H-6 S-6:H-6

Soft/Hard Particle Nano-Compounds

Nano-

Elements

S-1:H-1 S-2:H-1 S-3:H-1 S-4:H-1 S-5:H-1 S-6:H-1

S-1:H-2 S-2:H-2 S-3:H-2 S-4:H-2 S-5:H-2 S-6:H-2

S-1:H-3 S-2:H-3 S-3:H-3 S-4:H-3 S-5:H-3 S-6:H-3

S-1:H-4 S-2:H-4 S-3:H-4 S-4:H-4 S-5:H-4 S-6:H-4

S-1:H-5 S-2:H-5 S-3:H-5 S-4:H-5 S-5:H-5 S-6:H-5

S-1:H-6 S-2:H-6 S-3:H-6 S-4:H-6 S-5:H-6 S-6:H-6

Dendrimers

Dendrons

Dendrimers

Dendrons

Metal (M°) 

(Nanoclusters)

Metal (M°) 

(Nanoclusters)

Metal 

(Chalcogenide)

(Nanocrystals)

Metal 

(Chalcogenide)

(Nanocrystals)

Nano-

latexes

Nano-

latexes DNA/RNADNA/RNA

Metal Oxide 

(Nanocrystals)

Metal Oxide 

(Nanocrystals)

Carbon

Nanotubes

Carbon

Nanotubes

Polymeric

Micelles

Polymeric

Micelles ProteinsProteins
Viral

Capsids

Viral

Capsids

Silica 

(Nanoparticles)

Silica 

(Nanoparticles)

FullerenesFullerenes

Soft Particle Nano-Compounds

Nano-

Elements

S-1:S-1 S-2:S-1 S-3:S-1 S-4:S-1 S-5:S-1 S-6:S-1

S-2:S-2 S-3:S-2 S-4:S-2 S-5:S-2 S-6:S-2

S-2:S-3 S-3:S-3 S-4:S-3 S-5:S-3 S-6:S-3

S-2:S-4 S-3:S-4 S-4:S-4 S-5:S-4 S-6:S-4

S-2:S-5 S-3:S-5 S-4:S-5 S-5:S-5 S-6:S-5

S-2:S-6 S-3:S-6 S-4:S-6 S-5:S-6 S-6:S-6

Soft Particle Nano-Compounds

Nano-

Elements

S-1:S-1 S-2:S-1 S-3:S-1 S-4:S-1 S-5:S-1 S-6:S-1

S-2:S-2 S-3:S-2 S-4:S-2 S-5:S-2 S-6:S-2

S-2:S-3 S-3:S-3 S-4:S-3 S-5:S-3 S-6:S-3

S-2:S-4 S-3:S-4 S-4:S-4 S-5:S-4 S-6:S-4

S-2:S-5 S-3:S-5 S-4:S-5 S-5:S-5 S-6:S-5

S-2:S-6 S-3:S-6 S-4:S-6 S-5:S-6 S-6:S-6

Dendrimers

Dendrons

Dendrimers

Dendrons

Nano-

latexes

Nano-

latexes
DNA/RNADNA/RNA

Polymeric

Micelles

Polymeric

Micelles ProteinsProteins
Viral 

Capsids

Viral 

Capsids

Dendrimers

Dendrons

Dendrimers

Dendrons

Nano-

latexes

Nano-

latexes

DNA/RNADNA/RNA

Polymeric

Micelles

Polymeric

Micelles

ProteinsProteins

Viral

Capsids

 

 

 


