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Abstract

In this chapter, we illustrate the great potential of combining organic synthesis with atomic
resolution AFM and STM to address relevant and classic issues in chemistry, by summarizing
selected examples in which we were involved in recent years. As case studies, the long-standing
chemical challenges covered here include the experimental discrimination of bond orders in single
molecules, the characterization of extremely insoluble compounds such as nanographenes, the
analysis of the individual components of complex mixtures, and the on-surface generation and

identification of highly reactive molecules and intermediates.

1 Introduction

Undoubtedly, scanning probe microscopy (SPM) is one of the most relevant tools to study
surfaces at the nanoscale. First, the introduction of scanning tunneling microscopy (STM) [1],
followed by the discovery of atomic force microscopy (AFM) [2], have contributed extensively to
the development of diverse scientific fields. In the last decade, SPM has demonstrated to be the
crucial technigue in the emerging field of on-surface synthesis, to identify and to characterize
products resulting from the thermally-induced polymerization of selected monomers on different
surfaces [3-8]. On-surface synthesis is an ideal arena for fruitful scientific collaborations between
organic chemists and surface physicists who are specialists in SPM: the former design and
synthesize suitable molecules in solution while the latter use these molecules as building blocks
for on-surface polymerizations (Figure 1). In a seminal experiment [9], 10,10'-dibromo-9,9'-
bianthracene was heated on a Au(111) surface to obtain an armchair graphene nanoribbon (7-
AGNR) by a sequence of Ullmann couplings followed by cyclodehydrogenation reactions (Figure
2). Since then, new dibromo-substituted polycyclic aromatic compounds have been designed and
provided as "a la carte" building blocks to produce GNRs with well-defined widths, edges, and

substitution to control the properties and functionality of the final nanostructure. This successful



approach is extensively discussed in other chapters of this volume, as well as in some recent
reviews [10-11].
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Figure 1. Interrelation between synthetic chemistry and surface science.
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Figure 2. On-surface preparation of 7-AGNR [9

Another interesting perspective in this collaborative scenario, which is frequently performed in
parallel to the previously mentioned approach, is the topic of this chapter: to take advantage of
the clues captured by SPM to answer long-standing chemical questions which are difficult to
address with more conventional techniques. In this respect, it has been crucial to achieve sub-
molecular resolution in SPM of compounds studied on-surface, a recent breakthrough enabled
by the introduction of functionalized tips in AFM under ultrahigh vacuum (UHV) conditions at
cryogenic temperatures (5 K) [12]. This finding has provided a privileged methodology to image
single molecules with unprecedented resolution and has stimulated a plethora of exciting results
in the following years, including the characterization of natural products [13,14],

conformational analysis of diverse molecules [15-17], the identification of intermediates and
products of on-surface reactions [18-26], the study of GNR derivatives [27-31] and the

characterization of metal-organic complexes on-surface [32-33], among other examples [34-35].
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In this chapter we discuss the powerful combination of organic synthesis and atomic resolution
AFM to address relevant issues in chemistry, by summarizing selected projects in which the
authors, chemists from CIQUS and physicists from IBM Research—Zurich, have been involved in

recent years.

2 Experimental details

The contrast above bonds and atoms in AFM images of molecules arises from repulsive force
contributions due to Pauli repulsion [12,36]. To reach this regime, in which the electron
distributions of the molecule and the tip apex start to overlap, the tip is scanned parallel to the
surface at a vertical distance of about 4 A to the molecule. Metallic tip apices are too reactive to
reach such small tip-molecule separations. Therefore, it is crucial to terminate (functionalize) the
tip apex with an inert front atom or molecule [12]. Most frequently, CO is used, but a wide variety
of different terminations has been explored, ranging from single atoms like CI [12], Br [37], Xe,
[37], or O [38] to larger naphthalenetetracarboxylic diimide (NTCDI) molecules [39]. CO-tips are
most popular because of their stability, ease of preparation, the localized probing electron density
that protrudes from the oxygen atom and the flexibility of the CO at the tip.

Other prerequisites are small oscillation amplitudes of a few tens of picometers to increase the
sensitivity to the short-range contributions responsible for the contrast on bonds and atoms [40].
To this end, piezoelectric quartz sensors are operated in frequency-modulation mode [41]. That
is, the sensor oscillates with a fixed amplitude at its resonance frequency. The measurement
signal is the shift in that resonance frequency, Af, due to the tip-sample interaction. In the limit of
small oscillation amplitudes, Af is proportional to the vertical gradient of the interaction force.
When the frequency shift is recorded as a function of distance, the force can then be calculated
numerically [42].

While all experiments presented in this chapter were carried out at temperatures of about T =5
K using gPlus sensors oscillating at about 30 kHz [43], other works use length extension sensors
oscillating at 1 MHz [44, 45]. However, resolution on molecules has also been demonstrated at

higher temperatures, at 77 K [39], and even at room temperature using a Si cantilever [46].

3 Pauling bond-order analysis

In 1935, Linus Pauling introduced the concept of bond order to explain the double-bond character
found in molecules with single-double bond resonances [47]. Since then, the bond-order analysis
has been widely used in chemistry to predict bond lengths and reactivity in a simple manner by
drawing the different resonance structures of a molecule. For example, naphthalene has 11 C-C
bonds, which can be classified in four kinds of bonds (Figure 3) and three different resonance
structures (1a, 1b, 1c). Focusing on the C1-C2 bond (in red, which is equivalent to C3-C4, C5-
C6 or C7-C8), this bond can be drawn as a double bond in structures 1a and 1b, but as a single
bond in structure 1c, leading to a 2/3 of double-bond character by the Pauling bond-order
analysis. By contrast, the C2-C3 bond (in green, equivalent to C6-C7) can only be drawn as a

double bond in the structure 1c, that means 1/3 of double-bond character. Since greater double-



bond character implies shorter C-C bond distance, this simple analysis suggests C1-C2 to be
shorter than C2-C3. This prediction was experimentally proved by X-ray diffraction analysis, which
shows that the C1-C2 is shorter than C2-C3 (1.36 A vs 1.40 A) [48]. However, diffraction
techniques are based on averaged values over a large set of molecules. A tool to analyze bonds

within individual molecules with the necessary precision was lacking.

1/3 213
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Figure 3. Double-bond character in the four kinds of C-C bonds of naphthalene. The three main

resonance structures for naphthalene are 1a, 1b and 1c.

In 2012, it was shown that AFM with CO-terminated tips can discriminate bond orders of organic
compounds with high precision [49], based on two effects: the frequency shift of the bonds and
the apparent length in constant-height AFM images. The first one is directly related to the different
electron densities: the electron density increases with the bond order and greater electron
densities give rise to greater repulsive force contributions, which lead to increased frequency
shifts. The second effect is related to the tilting of the CO tip which magnifies the apparent bond
length differences and provides an additional mechanism to discriminate bond orders. This
analysis can be difficult at the edge of the molecules or with non-planar adsorption geometries.
On the contrary, bond-order discrimination by AFM is particularly accurate in internal C-C bonds
of flat molecules. For example, Figure 4 shows this analysis for dibenzo[cd,n]naphtho[3,2,1,8-
pgralperylene (DBNP, Fig. 4A), a polycyclic aromatic hydrocarbon (PAH) which was prepared in
solution by a sequence of domino Diels-Alder cycloadditions, followed by a reduction and a
cyclodehydrogenation reaction [50]. Interestingly, DBNP has five different C-C bonds in the
central part of the molecule (g, r, s, t and u) with calculated bond orders varying from 0.163 (bond
t) to 0.490 (bond r). Indeed, AFM analysis confirmed that bond r has the greatest bond order out
of these five bonds, by showing the largest frequency shift (Fig. 4B and 4D) and the smallest
apparent length (Fig. 4C and 4E) [49]. As we will discuss later, bond-order analysis was found to
be particularly useful in the characterization of organic intermediates such as ortho-arynes [51]

as well as the study of oligoacetylene chains [19].
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Figure 4. Bond-order analysis for dibenzo[cd,n]naphtho[3,2,1,8-pgra]perylene (DBNP). A)
Structure of DBNP. B) Constant height AFM measurements on bilayer NaCl on Cu(111) at z =
3.6 A (oscillation amplitude = 0.5 A). C) Pseudo-3D representation of (B). D) Measured values of
the frequency shift as a function of the Pauling bond order. E) Measured values of the apparent
bond length as a function of the Pauling bond order. F) Apparent bond length as a function of the
bond length obtained by DFT calculations. Linear regressions (in red) are drawn as a guide to the
eye. Adapted from [49]. Reprinted with permission from AAAS.

4 Characterization of insoluble compounds: nanographenes

Organic chemists have a deep experience in the manipulation and identification of soluble
molecules. Even most nano-sized compounds can be fully characterized by modern
spectroscopic techniques, in particular by NMR, if the molecules are soluble enough [52]. On the
contrary, the characterization of insoluble compounds is a great challenge for researchers
working in an organic chemistry laboratory. This is often the case when preparing large
unsubstituted polycyclic aromatic hydrocarbons (PAHS). Interestingly, these molecules are not
only ubiquitous environmental pollutants [53, 54] and the largest molecules ever detected in space
[55], but PAHSs are also promising compounds for organic electronics which have attracted a great
deal of attention in material science [56]. Moreover, since a piece of graphene is nothing but a
large PAH, the synthesis of large PAHs has undergone an important revival in recent years [57-
61]. Synthetic methodologies that were traditionally used for decades for the preparation of PAHs
are now employed in the preparation of well-defined nanographenes by solution chemistry. A
major limitation is that increasing the size of a PAH favors its self-assembly by means of =-

interaction and thereby reducing the solubility of the material. Therefore, the purification of flat



nanographenes by chromatography or its characterization by NMR in solution is not possible.
This was the case when we attempted the preparation of the three-fold symmetric nanographene
2 by solution chemistry (Figure 5) [62]. This is a PAH formed by the fusion of 22 benzene rings
with 78 sp? carbon atoms. We designed an extremely simple two-steps / one-pot procedure
starting with commercially available bistriflate 3. The treatment of this compound with CsF in
solution generated the intermediate aryne 4. This aryne reacted with one of the bay regions of
perylene (5) by means of a [4+2] cycloaddition (Diels-Alder reaction) to afford adduct 6, which
evolved in the reaction mixture to form triflate 7. In a second step, which was performed in the
same reaction flask, the treatment of compound 7 in solution with CsF in the presence of a
catalytic amount of a palladium complex led to the formation of a highly insoluble grayish solid.
Based on our experience on aryne chemistry [61], we expected this solid to be nanographene 2,
resulting from the Pd-catalyzed [2+2+2] cycloaddition of the in-situ formed aryne 8. In fact, the
mass spectrum of the solid showed a molecular ion at m/z = 972.2 consistent with the molecular
formula expected for this compound (CzsHss). However, the extreme insolubility of this compound
precluded structural confirmation by NMR spectroscopy.

Inspired by the successful use of AFM for the identification of natural products [13], we attempted
to confirm the structure of nanographene 2 analogously. Compound 2 was expected to be planar,
an important advantage for the accurate characterization by atomic resolution AFM. However,
since purification by chromatography was not possible, the solid isolated from the reaction was
far from being a pure compound. In addition, the large size of the molecule could complicate its
sublimation to deposit on surface. Despite these limitations, the solid was sublimated by rapid
heating from a Si wafer onto a Cu(111) sample partially covered with islands of NaCl held at T =
10 K. Satisfactorily, the analysis by AFM with CO-functionalized tip confirmed the structure of
nanographene 2 (Figure 6A). STM was also carried out to obtain molecular orbital images. The
image of the negative ion resonance (Figure 6B) corresponds to the lowest unoccupied molecular
orbital (LUMO) as seen by comparison with the orbital density squared obtained by DFT
calculation (Figure 6C). This agreement is an additional confirmation of the molecular structure,
therefore the combination of AFM and STM proved the successful synthesis of compound 2.
Interestingly, careful inspection of other adsorbents by AFM discovered the presence of a
tetranaphthoheptacene, an unexpected compound probably formed by the head-to-tail
dimerization of aryne 8 [62]. This finding gave additional value to the analysis of reaction mixtures
by AFM, where the on-surface identification of byproducts provided key clues to understand the

reaction of aryne intermediates in solution.
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Figure 5. Synthetic route to obtain three-fold symmetric hanographene 2 by solution chemistry
[62].

Figure 6. On-surface identification of nanographene 2. A) AFM image and B) STM orbital image
on bilayer NaCl on Cu(111) using a CO tip. C) Calculated orbital density squared of the LUMO at
a distance of 1.2 A above the molecular plane. The scale bar is 5 A. Adapted from [62]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.




5 Characterization of complex mixtures: asphaltenes

Usually, SPM studies are performed with ultrapure compounds, since the presence of small
amounts of impurities can complicate both the preparation and the study of the sample. However,
high resolution SPM can also be extremely useful to analyze complex mixtures by providing the
molecular characterization of individual constituents, as it was demonstrated in 2015 by means
of asphaltene characterization with atomic resolution AFM [63]. Asphaltenes are the solid
components of crude oil, which consist of an extremely complex mixture of polyaromatic
molecules with high economic relevance in oil processing [64]. This chemical complexity has
limited the structural analysis of asphaltenes by conventional techniques and consequently their
molecular architecture has been subject to debates. For example, some studies suggest that the
asphaltene molecular structure is based on a single PAH core (island model) while other studies
point to a structure with multiple PAH cores (archipelago model). Notably, the structure elucidation
of single molecules of asphaltenes by atomic resolution AFM indicate that the island-type
architecture is clearly predominant (Figure 7) [63]. As expected, AFM analysis showed the
enormous molecular diversity of this fraction. Orbital imaging with STM contributed to the
structural assignment of the polyaromatic molecules, which in some cases have sophisticated
molecular architectures (e.g. 18-ring nanographene CAG6). These findings suggest the exciting
possibility of using asphaltenes as an unlimited source of new specimens for single-molecule
electronics. Many different molecules can be screened by SPM in a single preparation without
going through a lengthy chemical synthesis, purification, and characterization for each one of
them beforehand.




Figure 7. CO-tip AFM images of individual molecules of a coal-derived asphaltene. Reprinted with

permission from [63]. Copyright 2015 American Chemical Society.

Obviously, this AFM-based method is not limited to analyze asphaltenes but also related carbon-
based aromatic mixtures, such as petroleum and coal vacuum residues, heavy fractions, tar,
pitch, bitumen, etc. SPM techniques are most suitable for flat molecules composed mainly by sp?
hybridized carbons. However, some of the compounds constituting these carbon-based aromatic
mixtures present alkyl chains with sp?® hybridized carbons and non-planar fragments, which are
difficult to study by AFM and complicate the structure elucidation. For this reason, the preparation
and AFM characterization of model compounds featuring aliphatic moieties can be extremely
useful to identify molecules in carbon-based mixtures [17].

STM
voltage
pulses

CHNP, 9

Figure 8. Structure of 10,11,12,13-tetrahydroanthra[1,2,3,4-ghi]perylene (CHNP, 9) used as
cycloaliphatic model compound and product 10 resulting from the on-surface STM tip-induced
dehydrogenation [17].
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Figure 9. AFM and STM characterization of CHNP, 9. A, E) Enantiomers 9a and 9b of the CHNP
structure. B—D) CO tip AFM images of 9a on Cu(111) at different tip heights. F, G) CO tip STM
image of 9a before (F) and 9b after (G) enantiomerization by means of a voltage pulse of 0.4 V.
H) Molecule 10 after removing four H atoms from the aliphatic ring of 9 with voltage pulses
between 3.1 V and 3.8 V. Adapted from [17].

For example, compound 9 (CHNP, Figure 8) was prepared as a cycloaliphatic model compound

for asphaltene characterization, with a partially saturated six-membered ring with four sp3
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hybridized carbons. AFM analysis on Cu and NaCl surfaces showed that this cyclohexene moiety
adopted the expected chiral half-chair conformation (Figure 9). In fact it was possible to identify
both enantiomers (9a and 9b), which were configurationally stable at cryogenic temperatures.
Demonstrating the ultimate control of SPM manipulation over on-surface deposited single
molecules, reversible enantiomerization (chiral switching) between 9a and 9b was induced by
applying a STM voltage pulse of 0.4 V (Figure 9F-G). In addition, in a remarkable example of an
on-surface oxidation reaction, it was possible to abstract four hydrogen atoms from CHNP by
voltage pulses between 3.1-3.8 V, to obtain PAH 10 (Figure 8 and 9H) [17]. To sum up, these
experiments illustrate the powerful of on-surface atomic manipulation by SPM, not only to provide
key fingerprints of both aromatic and aliphatic moieties for structural elucidation of natural
samples, but also to study basic chemical transformations and even to perform conformational

analysis of organic molecules on surface.

6 Investigation of elusive molecules: acenes

Acenes are PAHs formed by the linear fusion of several benzene rings, which have been
extensively used in organic electronics due to their outstanding semiconducting properties [65].
However, the synthesis and manipulation of acenes under ambient conditions is demanding due
to low solubility and high reactivity, in particular with increasing acene length. Qualitative
estimation on the stability of PAHs can be deduced by application of the Clar's sextet rule,
grouping the &t electrons of the PAH into sextets (i.e. three conjugated double bonds within a six-
membered ring) [66]. These sextets provide an aromatic stabilization to the molecule, such that
PAH with only few Clar sextets are particularly reactive under ambient conditions. Acenes have
only one sextet, regardless of the length of the molecule, which explains their instability.
Therefore, the synthesis of large acenes has fascinated organic chemists for decades and
remains a long-standing synthetic challenge [56]. Up to now, the largest unsubstituted acene ever
prepared was nonacene, which was photogenerated and detected in an Ar matrix at cryogenic
temperatures [67]. On-surface generation of large acenes under UHV conditions from soluble and
stable precursors offers the possibility to circumvent the major difficulties of solution-based acene
preparation. This concept has been recently demonstrated with the on-surface reduction of
diepoxytetracenes 11 to form tetracene (13) on Cu(111), through the formation of intermediate
12 (Figure 10) [68]. It was shown that this transformation can be achieved either by thermal
activation or by STM tip-induced manipulation, where the Cu-O interaction is crucial to achieve
the deoxygenation of the starting epoxyacenes. This method was latter employed for the on-
surface generation of larger acenes, such as the preparation of hexacene on Au(111l) by
deoxygenation of triepoxyhexacenes (Figure 11A) [69]. As a result, it was possible to study the

electronic structure of single hexacene molecules with intramolecular resolution.
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Figure 10. On-surface generation of tetracene (13). A) Reaction route to obtain tetracene (13)
from diepoxytetracenes syn/anti-11. B) Constant-height AFM image of the epoxytetracene 12
intermediate after the first oxygen detachment. C) Constant-height AFM image of the resulting
tetracene (13) after complete deoxygenation. Adapted with permission from [68]. Copyright 2016

American Chemical Society.
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Figure 11. On-surface generation of hexacene (A) [69] and triangulene (B) [70].

A recent breakthrough on the investigation of elusive PAHs was the generation and

characterization of triangulene by combined STM/AFM [70]. Triangulene is formed by six benzene

11



rings fused in a triangle shape, so it is not possible to draw a Kekulé resonance structure and
triangulene presents two unpaired electrons (Figure 11B). Therefore, the molecule is a =-diradical
which is unstable under ambient conditions, so attempts to generate triangulene by solution
chemistry were unsuccessful [71]. Finally, atom manipulation has allowed the preparation of this
three-fold symmetric PAH for the first time by means of tip-induced dehydrogenation on Cu, NaCl

and Xe surfaces. Notably, STM confirmed the open-shell character of the molecule [70].

7 Investigation of reactive intermediates: arynes

Arynes are reactive intermediates formally derived from arenes by the removal of two hydrogens
from one benzene ring [72]. The simplest arynes are benzynes (one single benzene ring), which
are classified depending on the relative position of the two unpaired electrons: ortho (1,2), meta
(1,3) or para (1,4) (Figure 12). Although arynes were first suggested in 1902 [73], the first
evidence of the intermediacy of benzyne in a chemical reaction was established in 1953 by
Roberts and coworkers in a seminal isotopic labeling experiment [74]. Arynes are so reactive that
they only exist for several milliseconds in solution, making them extremely difficult to characterize.
However, structural data of arynes were obtained from UV, IR, microwave and NMR
spectroscopies, either in gas phase, using matrix-isolation techniques or in solution after
encapsulation inside a hemicarcerand [75], but the interpretation of these data have been the
matter of debate. In particular, there is a long-standing discussion about the contribution of
diradical 14a, alkyne 14b and cumulene 14c resonance forms to the real structure of ortho-arynes
(Figure 12A).

ortho-benzyne B meta-benzyne para-benzyne
[ ]
L]
diradical 14a alkyne 14b cumulene 14c 15 * 16

Figure 12. Structure of benzynes, the simplest arynes: ortho-benzyne (A), meta- and para-

benzyne (B).

Recently, combined STM/AFM with functionalized tips allowed the on-surface generation and
visualization of an aryne (10,11-didehydronaphtho[1,2,3,4-g,h,iJperylene) [51]. The aryne was
generated by tip induced cleavage of the two vicinal C-I bonds of 10,11-diiodonaphtho[1,2,3,4-
g,h,ilperylene (DINP, Figure 13). To this aim, after positioning the tip above DINP, a voltage pulse
(V > 1.6 V) was applied. The analysis by atomically resolved AFM using a CO terminated tip,
showed the dissociation of both C-1 bonds and the formation of the corresponding aryne. To proof
that the formed specie retains its arynic nature and reactivity at cryogenic temperature, an
additional experiment was performed. After lateral manipulation to place two iodine atoms close

to the aryne ring, a voltage pulse was applied causing the reconstruction of the intact DINP

12



molecule, in contrast to the reactivity of arynes in solution. In addition, the extended planar
polyaromatic core facilitated the bond-order analysis of this aryne, following the methodology
described in detail in section 2, with the results shown in Figure 14. The bond order evaluation,
focused on the central bonds marked on Figure1l4A, pointed out a dominant contribution of the
cumulene resonance structure under these conditions, in good agreement with DFT calculations

[51], contributing to clarifying a classic debate in aryne chemistry [72].

STM
voltage
pulses
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Figure 13. On-surface generation of an ortho-aryne (10,11-didehydronaphtho[l,2,3,4-
g,h,iJperylene) from 10,11-diiodonaphtho[1,2,3,4-g,h,i]perylene (DINP). Images with atomic
resolution were obtained by non-contact AFM using a CO tip. Adapted from [51] with permission

from Nature Publishing Group.
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~Bond order

Figure 14. Bond-order analysis of the three major resonance structures of an ortho-aryne. A)
Laplace-filtered representation of the AFM image of an individual aryne. Adapted from [51] with

permission from Nature Publishing Group.

Another type of closely related intermediates are para-arynes (Figure 12) [72], sigma-diradical
species which can be involved in relevant rearrangement reactions such as the Bergman
cyclization. This reaction was first proposed in 1972 to explain the thermal isomerization of
enediynes [76], and it became an important transformation in synthetic chemistry when enediyne
anticancer antibiotics were introduced in the 80s [77]. Recently, a reversible Bergman cyclization
on NaCl was induced by atomic manipulation and studied by combined AFM/STM [78]. Starting
with dibromoantharacene (DBA) a sequence of STM voltage pulses induced the cleavage of the
two C-Br bonds to generate a para-diradical, which evolved to a strained 10-membered ring diyne
by means of a retro-Bergman reaction (Figure 15). Notably, the strained diyne could be
transformed back into the diradical, demonstrating switching on demand between two

intermediates with different reactivity, electronic and magnetic properties.

reversible
i Bergman cyclization
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dibromoanthracene radical diradical diyne

Figure 15. Reversible Bergman cyclization. STM voltage pulses induce the sequential

dissociation of two bromine atoms from dibromoanthracene (DBA) to generate a para-diradical,

14



which evolved to a diyne by a retro-Bergman cyclization. The latter transformation can be
reversibly triggered by tunneling electrons with a minimum energy of 1.6 V. All measurements
were performed on bilayer NaCl on Cu(111). Adapted from [78] with permission from Nature
Publishing Group.

8 Conclusions

Atomic resolution AFM and STM by means of functionalized tips is in its infancy, but has already
demonstrated an impressive potential regarding to the visualization and manipulation of single
atoms and molecules. We are convinced that classic issues in organic chemistry will be revisited
using the combination of AFM/STM, mostly to confirm the thesis of chemistry pioneers such as
Pauling [36], Clar [55,61], or Roberts [64] as shown in this chapter, but also to discover new
molecules, intriguing molecular behavior or unexpected reactions. In fact, the combination of
organic chemistry and AFM/STM with sub-molecular resolution is an ideal serendipity playground
which is expected to provide exiting findings in the near future. More than ever, we are closer to
the inspiring prediction by Richard P. Feynman, masterfully outlined in his famous talk Plenty of
Room at the Bottom in 1959:

“...it would be, in principle, possible (I think) for a physicist to synthesize any chemical substance
that the chemist writes down. Give the orders and the physicist synthesizes it. How? Put the
atoms down where the chemist says, and so you make the substance. The problems of chemistry
and biology can be greatly helped if our ability to see what we are doing, and to do things on an

atomic level, is ultimately developed— a development which | think cannot be avoided.”
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