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We designed and studied hydrocarbon model compounds by high-resolution noncontact atomic force

microscopy. In addition to planar polycyclic aromatic moieties, these novel model compounds feature

linear alkyl and cycloaliphatic motifs that exist in most hydrocarbon resources – particularly in petroleum

asphaltenes and other petroleum fractions – or in lipids in biological samples. We demonstrate

successful intact deposition by sublimation of the alkyl-aromatics, and differentiate aliphatic moieties

from their aromatic counterparts which were generated from the former by atomic manipulation. The

characterization by AFM in combination with atomic manipulation provides clear fingerprints of the

aromatic and aliphatic moieties that will facilitate their assignment in a priori unknown samples.

Introduction

High resolution atomic force microscopy (AFM) with functional-

ized tips1 is evolving towards a valuable tool for molecular

structure identication of synthetic2–5 and natural6–8 compounds,

and products formed by on-surface synthesis9–16 and atomic

manipulation.2,10,17,18 Structure identication by AFM has the

strategic advantage that one can address individual molecules,

i.e. one can isolate different constituents in a mixture and look at

themone by one.8,9 If enoughmolecules are imaged, a statistically

signicant analysis is possible13 and even rare side products can

be identied.3,19 Moreover, AFM analysis requires only a small

amount of material (about 0.1–1 mg)20 and does not demand the

compound to be soluble. Especially the single molecule sensi-

tivity renders AFM an interesting tool for the investigation of

complex molecular mixtures like petroleum, which contains

a tremendous diversity and number of molecular species,21,22 of

which asphaltenes are one fraction.8 The compositional

complexity of these mixtures is a great scientic challenge with

economic relevance in oil production and processing.23–29 Besides

the tremendous diversity of chemical structures in such complex

asphaltene mixtures, the poor solubility and difficult volatiliza-

tion and ionization have considerably impeded their structure

elucidation.

AFM is most powerful on planar molecules and much more

challenging on non-planar ones. For molecules exhibiting

a planar aliphatic hydrocarbon backbone it was demonstrated

that a sp3 and sp2 hybridized carbon can be distinguished.2,10 In

the present study we investigate molecules with several neigh-

boring tetrahedrally coordinated carbons, resulting in a non-

planar carbon backbone and multiple possible adsorption

geometries. The low abundance of alkyl and cycloaliphatic moie-

ties and archipelago-type motifs found in a preceding AFM study

on asphaltenes8 has triggered questions whether such molecules

can sustain the thermal sublimation step during preparation and

be recognized by AFM. This work resolves that issue.

In this work we identied linear and cyclic aliphatic groups

in different adsorption geometries and distinguished them

from their aromatic planar counterparts that were generated by

tip-induced dehydrogenation reactions. The model compounds

introduced here have characteristics typical for aliphatic

moieties and archipelago-type molecules found in asphaltenes.

The alkyl moieties selected span a great enough range to be

representative of petroleum. It is demonstrated that the

compounds sustain the deposition and can be unambiguously

identied by AFM. Identication was based on the AFM contrast

on different substrates and by employing atomic manipulation,

to: (i) switch the non-planar geometry of aliphatic compounds,

and (ii) cleave C–H bonds. We thus show that such molecules

can be detected by AFM, and we obtained ngerprints for the

identication of aliphatic hydrocarbon moieties, facilitating

and improving their chemical identication for future deter-

mination of a priori unknown molecules by AFM.
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Departamento de Qúımica Orgánica, Universidade de Santiago de Compostela,

Santiago de Compostela 15782, Spain. E-mail: diego.pena@usc.es

† Electronic supplementary information (ESI) available: Additional scanning

tunneling microscopy (STM) and atomic force microscopy (AFM) measurements

as well as NMR, optical spectroscopy and gas chromatography (GC)

characterization of the ve model compounds are provided. For CPNP and

CHNP the synthetic route is described. See DOI: 10.1039/c6sc04698c

Cite this: Chem. Sci., 2017, 8, 2315

Received 21st October 2016
Accepted 11th December 2016

DOI: 10.1039/c6sc04698c

www.rsc.org/chemicalscience

This journal is © The Royal Society of Chemistry 2017 Chem. Sci., 2017, 8, 2315–2320 | 2315

Chemical
Science

EDGE ARTICLE

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

2
 D

ec
em

b
er

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 1

0
:2

6
:1

9
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6sc04698c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC008003


Results and discussion

We investigated a set of ve synthetic model compounds

featuring aliphatic moieties (see Fig. 1): 1,2-di(pyren-1-yl)ethane

(BPE, 1), 1,10-di(pyren-1-yl)decane (BPD, 2), 1,20-di(pyren-1-yl)

icosane (BPI, 3), 11,12-dihydro-10H-cyclopenta[6,7]naphtho

[1,2,3,4-ghi]perylene (CPNP, 4) and 10,11,12,13-tetrahydroan-

thra [1,2,3,4-ghi]perylene (CHNP, 5). BPE, BPD and BPI were

particularly designed to address the linkage between polycyclic

aromatic hydrocarbon (PAH) cores, which is the main dis-

tinguishing feature between the archipelago and island models

of asphaltene structure. CPNP and CHNP comprise cycloali-

phatic units. The model molecules introduced here are

consistent with asphaltene molecular properties regarding

molecular weight, boiling point, H/C ratio and double bond

equivalent as reported previously.30–32

In Fig. 2a, a scanning tunneling microscopy (STM) overview

image of the BPI sample preparation is shown. Even for this

comparatively large molecule with a molecular weight of 683 Da

and a C20H40 aliphatic chain as a linker, the vast majority of the

molecules does not dissociate or form aggregates. The two

pyrene units of BPI adsorb at on the substrate and the alkyl

chain is typically buckled or twisted. The number of possible

conformations of the aliphatic linker increases rapidly with

chain length. In Fig. 2b–g AFM images of BPI in a few confor-

mations are shown. Oen the typical zig–zag pattern of the alkyl

chain lying (partially) at on the surface can be recognized.

Non-planar conformations, that is, sections and twists where

the C–C bonds of the alkyl chain are not in a plane parallel to

the surface, are more difficult to assign. By providing external

stimuli through tip-induced inelastic excitations33 (Fig. 2h–k) or

thermal annealing of the sample to 300 K (Fig. S5†), however,

the molecules unbend and preferentially adopt a planar

adsorption geometry with an overall straight alkyl chain, sug-

gesting this geometry to be energetically favored on both the Cu

and NaCl substrate.

Similar to BPI, also its smaller analogues BPD and BPE could

be deposited intact by fast thermal evaporation, despite the

presence of one of the weakest C–C bonds in BPE's aliphatic

linker (65.2 kcal mol�1).34 Because of the generally increasing

sublimation temperature with increasing molecular weight,

fragmentation will become more problematic for larger mole-

cules. Experiments show that at masses of about 1000 Da, even

for completely aromatic PAHs, fragmentation can dominate

over intact sublimation,3 providing an approximate upper

bound for molecule deposition by sublimation.

In Fig. 3a–f AFM measurements of BPE, BPD and BPI in the

planar conformation at different scan heights are shown. All the

methylene units can be clearly identied and differentiated

from the sp2 carbon atoms in pyrene. Because the atoms are not

all in the same plane, different scan heights are used for iden-

tifying the alkyl chain and the PAH units, respectively (compare

upper and lower panels of Fig. 3). The brighter appearance of

the alkyl chains compared to the pyrene units indicates the

larger adsorption height of the former.2 In fact, tip induced

dehydrogenation35 to form alkenyl chains signicantly reduced
Fig. 1 Model compounds. Chemical structures of the five model
molecules.

Fig. 2 BPI conformations. (a) STM overview image of the BPI on NaCl(2ML)/Cu(111) sample preparation. Inset shows close-up of three BPI
molecules. (b–g) CO tip AFM images of BPI on Cu(111) in different conformations. (h–k) Sequence of STM images (I ¼ 2 pA, V ¼ 0.2 V) after
consecutive tip-induced conformation changes by voltage pulses of Vz 3 V.

2316 | Chem. Sci., 2017, 8, 2315–2320 This journal is © The Royal Society of Chemistry 2017
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the adsorption height and thus the brightness of the linker

chain (see Fig. 4). Moreover, also the qualitative contrast of alkyl

and alkenyl chains is different. In case of the alkyl chains the

brightest features are at the rim of the chain corresponding to

the apparent location of the protruding hydrogen atoms. Note

that there is an apparent increase in width due to the well

known effect of CO tip tilting towards the molecule.36,37 For

alkenyl chains the brightest features are in the central part of

the chain, above apparent carbon atom positions and carbon–

carbon bonds (see Fig. 4). The tip-induced oxidation of the alkyl

chain to an alkenyl chain demonstrates (i) the capability to

clearly distinguish the two different chains and (ii) the initial

integrity of the alkyl chain aer deposition. For the more

extended alkyl chains even small brightness modulations of the

methylene units can be observed, which are probably related to

minute differences in adsorption height. For straight alkyl

chains the different brightness of methylene units seems to be

related to their non-equivalent location with respect to the

underlying substrate atoms (see Fig. S2 in the ESI†).

In the BPD and BPI samples we nd a low number (<10%) of

additional molecules on the surface. Some examples of such

molecules are shown in Fig. S9 in the ESI.† The abundance of

additional molecules observed is comparable to the impurity

content of the material of about 4 wt%, indicating that

a signicant amount of the deposited additional molecules

originate from impurities of the source compound. Although we

can exclude fragmentation or chemical transformation of the

vast majority of molecules, it cannot be ruled out for a few

percent of the BPD and BPI molecules. For the other samples,

which were of higher purity, we did not observe additional

molecules by AFM.

Besides PAHs and aliphatic chains, other important struc-

tural elements in hydrocarbons in general and in asphaltenes

in particular are cycloaliphatic moieties. As models for such

compounds we synthesized CPNP and CHNP that feature

fused cyclopentene and cyclohexene rings, respectively. The

CPNP molecule adsorbs differently on Cu and NaCl, showing

two adsorption geometries of the same envelope-type confor-

mation (4a or 4b, see Fig. 5). On NaCl, the 5-membered ring

adopts an alternating ‘up-down-up’ geometry (4a), meaning

that the carbon atoms at the 10 and 12 positions are buckled

upwards (increased adsorption height) and the C at the 11

Fig. 3 BPE, BPD and BPI in straight conformation. (a–f) CO tip AFM images of BPE (a, d) and BPD (b, e) on Cu(111) and BPI on NaCl(2ML)/Cu(111)
(c, f) at different tip heights.

Fig. 4 BPD tip-induced dehydrogenation on Cu. (a) Schematic of the on-surface oxidation process. (b–e) AFM images of BPD on Cu after
consecutive tip-induced dehydrogenation of the alkyl chain by several voltage pulses up to 3.5 V.

This journal is © The Royal Society of Chemistry 2017 Chem. Sci., 2017, 8, 2315–2320 | 2317
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position downwards (see Fig. 5e). The assignments of the

adsorption geometries are supported by AFM simulations

based on the probe particle model by Hapala et al.37 (see

Fig. S1†). Note that the apparent bond between the opposing

methylene groups in Fig. 5b and c stems from a proximity

effect as observed previously.37–40 On Cu on the other hand, the

C in the 11 position buckles upwards to form a ‘down-up-

down’ sequence in the aliphatic ring (4b). At close distance

(Fig. 5d and h), however, it is unclear whether the native

geometry can be fully maintained or whether repulsive tip

forces might deect the atoms from their intrinsic positions.

Nonetheless, the cyclopentene moiety can be identied in

either adsorption geometry, for both of which we obtained

characteristic ngerprints.

Also for CHNP, two different molecular geometries were

observed (see Fig. 6 and see Fig. S1† for simulated AFM images).

This time, however, they represent the two enantiomers of

a chiral half-chair conformation and were found on both, the

Cu and NaCl substrate. The cyclohexene moiety adopts an

alternating ‘down–UP–DOWN–up’ (5a) or ‘up–DOWN–UP–

down’ (5b) geometry, where the degree of deection is higher

for the two carbons at the front of the molecule (positions 11,

12). Again an apparent bond-like feature arises connecting the

positions of the two most protruding hydrogen atoms at

Fig. 5 CPNP, 4. (a, e) CPNP structure with its two observed adsorption geometries 4a and 4b. (b–d and f–h) CO tip AFM images of 4a (b–d) on
NaCl(2ML)/Cu(111) and 4b (f–h) on Cu(111), respectively, at different tip heights.

Fig. 6 CHNP, 5. (a, e) CHNP structure with its two observed enantiomers 5a and 5b. The strength of the colored circles indicate themagnitude of
the deflection of the C atoms out of planarity. (b–d) CO tip AFM images of 5a on Cu(111) at different tip heights. (f, g) CO tip STM image of 5a
before (f) and 5b after (g) enantiomerization with a voltage pulse of V ¼ �0.4 V. The dashed line indicates the mirror plane of the transformation.
(h) Fully aromatized molecule after removing four H atoms from the aliphatic ring with voltage pulses between 3.1 V and 3.8 V.

2318 | Chem. Sci., 2017, 8, 2315–2320 This journal is © The Royal Society of Chemistry 2017
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positions 11 and 13 of 5a or positions 10 and 12 of 5b (most

pronounced in Fig. 6c). On both substrates, reversible chiral

switching between the two enantiomers41 could be induced by

applying a voltage pulse of |V| > 0.4 V in either polarity as shown

in Fig. 6f and g.

Like for BPE, BPD and BPI it is also possible to abstract

hydrogen atoms from CPNP and CHNP by voltage pulses of

about 3.5 V on Cu(111), demonstrating an on-surface oxidation

process. In the case of CHNP, the removal of 4H from the

cyclohexene group leads to a fully aromatic molecule (see

Fig. 6h), reinforcing that the hydrogens did not dissociate

during evaporation.

Conclusions

We synthesized and investigated model compounds featuring

aliphatic moieties and unambiguously identied them by AFM.

All molecules were deposited intact by fast thermal evaporation

demonstrating that alkyl chain linkages between multiple

aromatic moieties are stable to the preparation process applied

for high-resolution AFM. This corroborates the signicance of

AFM for the structural investigation of complex organic

mixtures, and reinforces the higher abundance of island-type

asphaltene molecules found in a previous AFM study.8 By

atomic manipulation we accessed different adsorption geome-

tries and oxidized the aliphatic moieties. Using both AFM

imaging and atomic manipulation we established ngerprints

of alkyl chains and non-planar aliphatic rings in different

adsorption geometries for their identication in a priori

unknown samples.

Methods
STM/AFM experiments

The experiments were performed with a combined STM and

AFM in ultrahigh vacuum (p z 10�10 mbar) and low-temper-

ature (T z 5 K) using a qPlus sensor.42 AFM measurements

were acquired in the frequency-modulation mode43 (f0 z 30

kHz and A ¼ 0.5 Å) at constant-height and zero sample bias. If

not stated otherwise, STM measurements were recorded at

I¼ 2 pA and V¼ 0.2 V. Tip heights z relate to this tunneling set-

point, with z > 0 being closer to the substrate. The tip was

functionalized with a single CO molecule (referred to as CO

tip).1,44 As a sample we used a Cu(111) single crystal partially

covered by islands of bilayer NaCl,45 denoted as NaCl(2ML)/

Cu(111) or simply NaCl. To evaporate the molecules we apply

a small grain of the solid material ex situ on a (oxidized) Si

wafer. In the ultrahigh vacuum this Si wafer is resistively

heated to about 900 K within 2 s such that the molecules are

evaporated onto the sample, which is held at T z 10 K. The

rapid heating typically enhances the volatility of fragile

species.46,47

Synthesis

Details on the synthesis of the model compounds and addi-

tional characterization can be found in the ESI.†
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17 N. Pavliček, B. Schuler, S. Collazos, N. Moll, D. Pérez,

E. Guitián, G. Meyer, D. Peña and L. Gross, Nat. Chem.,

2015, 7, 623–628.

18 B. Schuler, S. Fatayer, F. Mohn, N. Moll, N. Pavliček,
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Lett., 2012, 12, 1070–1074.

34 S. J. Blanksby and G. B. Ellison, Acc. Chem. Res., 2003, 36,

255–263.

35 Y. Kim, T. Komeda and M. Kawai, Phys. Rev. Lett., 2002, 89,

126104.

36 L. Gross, F. Mohn, N. Moll, B. Schuler, A. Criado, E. Guitián,

D. Peña, A. Gourdon and G. Meyer, Science, 2012, 337, 1326–

1329.

37 P. Hapala, G. Kichin, C. Wagner, F. S. Tautz, R. Temirov and

P. Jelinek, Phys. Rev. B: Condens. Matter Mater. Phys., 2014,

90, 085421.
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