
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 1
:1

7:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dynamic covalen
aTianjin Key Laboratory of Molecular

Chemistry, School of Science & Collaborativ

and Engineering (Tianjin), Tianjin Universi

shengbin.lei@tju.edu.cn
bDepartment of Chemistry, College of Chemi

Laboratory of Analytical Sciences, Xiamen U

E-mail: jb.lin@xmu.edu.cn
cKey Laboratory of Microsystems and Mic

Education, Harbin Institute of Technology, H

† Electronic supplementary informa
10.1039/c6ra27395e

Cite this: RSC Adv., 2017, 7, 11496

Received 27th November 2016
Accepted 5th February 2017

DOI: 10.1039/c6ra27395e

rsc.li/rsc-advances

11496 | RSC Adv., 2017, 7, 11496–11502
t chemistry of imine polymers at
the liquid/solid interface investigated by scanning
tunneling microscopy†

Yanxia Yu,ac Jianbin Lin*b and Shengbin Lei*ac

How the constitutional dynamics of a dynamic covalent library (DCL) adapts to the presence of a surface is

of fundamental importance for the design of adaptive materials. In this work, we show that amine exchange

can be achieved at the liquid/solid interface within one-dimensional and two-dimensional imine polymers,

which were characterized on the submolecular scale by scanning tunneling microscopy (STM). The

potential of a surface to influence the thermodynamic equilibrium in a mixture of constitutionally

interrelated building blocks with different molar ratio was explored. Our investigation demonstrates that

the substrate and molar ratio of precursors markedly rearrange the composition of the DCC libraries.
Introduction

Recently, dynamic covalent chemistry (DCC), which is based on
reversible chemical reactions where the covalent bond has the
ability to be formed and broken reversibly under equilibrium
control, has received much attention in synthetic and material
chemistry.1–3 The constitutional dynamics allow for adaptation
through component exchange and selection in response to
physical stimuli, chemical effectors, or environmental effects,
thus allows fast screening of bioactive substances from
a so-called dynamic covalent library (DCL), and also opens the
way towards adaptive chemistry and dynamic materials.4

Signicantly, DCC has a lot of features in common with
supramolecular chemistry, both involve bonding processes
that are reversible and the formation of products occurs under
thermodynamic control. These common characteristics result
not only in the possibility of carrying out synthesis under
thermodynamic control, but also in making it possible for the
products to undergo error-checking and correction, a process
which ensures the eradication of thermodynamically unstable
products.1 Besides, DCC has the additional advantage of con-
structing robust molecules on account of the formation of
covalent bonds rather than fragile supramolecules resulting
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from noncovalent bonding interactions.1,2 The imine bond,
formed via the reversible condensation between an amine
and an aldehyde, displays many ideal dynamic covalent bond
characteristics.5–7

In a recent publication, P. Samor̀ı et al. reported for the rst
time a submolecularly resolved STM mapping of the surface-
mediated reversible exchange process of bisimines that occur
at the liquid/solid interface.8 This work opens new avenues for
the understanding of the parameters affecting the thermody-
namic and kinetic features of covalent dynamic processes at the
liquid/solid interface. J. Plas et al. address both the solution
composition and surface composition of a DCL using a combi-
nation of STM and NMR.9 These investigations mainly focus on
the DCC of small iminemolecules or imine oligomers. Although
the reversible exchange of components in polymers has been
investigated in solutions over 10 years ago,5 where an external
input such as ZnII ions is required to promote component
exchange in polyimine dynamers,10 dynamic adaptation of
imine polymers to a surface that occur at the liquid/solid
interface have not previously been reported. In the DCL con-
taining imine polymers the effects of surface in accelerating the
reaction, fractionation of polymers with different degree of
polymerization,11 and its van der Waals epitaxy effect in tem-
plating the growth and assembling of imine polymers will all
play important roles during the adaptation process.

Kunitake and our group recently have reported the success-
ful in situ synthesis of long-range ordered one-dimensional
(1D)/two-dimensional (2D) imine polymer at the liquid/solid
interface at room temperature, either in aqueous or organic
media.12–15 Comparing with sample preparation in solu-
tion,8,16,17 at the gas/solid interface18–23 or under UHV condi-
tions,24–30 the liquid/solid interface has a number of advantages:
(1) the dynamic exchange betweenmatters on the surface and in
the supernatant liquid phase promotes self-healing of defects
This journal is © The Royal Society of Chemistry 2017
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during the polymer growth; (2) the solvation effect helps to
lower the energy barrier for matter exchange, promote the
formation of well-dened covalent architectures, (3) the
concentration and van der Waals epitaxy effects of the surface
accelerate the reaction speed and promote the formation of
long-range ordered structures.31

Herein, we present a submolecular resolution STM investi-
gation of the reversible diamine exchange process within 1D
and 2D Schiff-base polymers that occur at the octanoic acid/
highly oriented pyrolitic graphite (HOPG) interface. Freshly
cleaved HOPG is an ideal substrate because it is hydrophobic,
atomically at, and relatively chemical inert.32 The van der
Waals epitaxy effect can promote the formation of ordered 1D/
2D nanostructures.18–23 The compounds utilized in this study
are illustrated in Scheme 1: benzene-1,3,5-tricarbaldehyde (1),
2,5-bis(octyloxy)terephthalaldehyde (2), benzidine (3), 9,10-
bis(p-aminophenylethynyl)anthracene (4), and 4,400-diamino-p-
terphenyl (5). Among numerous aldehydes and diamines,
aldehyde 1–2 and diamine 3–5 were chosen because of the
formation of well-ordered 1D polymer (1DP) or 2D polymers
(2DP) at the liquid/solid interface.14,15 Moreover, diamines 3, 4
and 5 show different adsorption capacity on the surface. We
focused our attention on the adaptation of such polymer con-
taining DCL to the presence of a surface, as well as on the
covalent dynamic process of amine exchange at the liquid/solid
interface within these polymers.
Results and discussion

In order to explore the adsorption capacity of monomers on
graphite, self-assembly of the precursors were rst investigated
using STM at the octanoic acid/HOPG interface. While as ex-
pected, monomers 1, 3 and 5 did not show any clue of mono-
layer formation on HOPG surface due to their weak
intermolecular and molecule–substrate interactions. Self-
assembly of 4 only forms ordered domains with tens of nano-
meters in size, no long-range ordered monolayer was formed.
This suggests that the supramolecular motif is mainly stabilized
Scheme 1 Chemical structure of aldehyde and amine monomers
used in this work: 1, benzene-1,3,5-tricarbaldehyde; 2, 2,5-bis(octy-
loxy)terephthalaldehyde; 3, benzidine; 4, 9,10-bis(p-amino-
phenylethynyl)anthracene; 5, 4,400-diamino-p-terphenyl.

This journal is © The Royal Society of Chemistry 2017
by relatively strong molecule–substrate interactions. High-
resolution image (Fig. S1b†) shows that molecule 4 forms
a zigzag lamellae structure via weak hydrogen bonding between
amino groups. The self-assembly of 2 on HOPG surface leads to
ordered crystalline monolayer that consists of lamellar archi-
tectures with co-adsorption of octanoic acid, which is in
agreement with that reported in our previous work.14
Synthesis of 1D and 2D polymers at the octanoic acid/HOPG
interface

Schiff-base coupling of 2 and 3 (with concentration of both
monomers c2 ¼ c3 ¼ 1.6 � 10�4 mol L�1) was previously re-
ported by our group.14 Here, at lower concentration (c2 ¼ c3 ¼
1.6 � 10�5 mol L�1), again 1DP2+3 is also observed, the assem-
bling structure is identical to that with higher concentration, as
shown in Fig. 1b. The repeating period of 1DP2+3 chain
measures 1.7 � 0.1 nm, which agrees well with that reported in
the previous studies.14 Co-condensation of 2 with 4 (c2¼ c4¼ 1.1
� 10�5 mol L�1) at the octanoic acid/HOPG interface at room
temperature also results in highly ordered parallel-packed
adlayers of linear polymer arrays several minutes aer deposi-
tion, almost covering the entire surface, as shown in Fig. 1d.
Along the polymer backbone of 1DP2+4, the repeating period is
2.6 � 0.1 nm, in good agreement with those expected from the
chemical structure, conrming the covalent bond formation.
More detailed structural information can be obtained from the
high-resolution STM images in Fig. 1e and f. Different from the
case of 1DP2+3, in which the interchain distance (1.7 � 0.1 nm)
is determined by the interdigitation of the alkoxy side chains,
Fig. 1 (a) Schematic diagram of the synthesis of 1D imine polymers at
the liquid/solid interface at room temperature. (b and c) STM images of
1DP2+3. The lower panel of (c) shows the structural model of 1DP2+3.
(d) Large-scale STM image of 1DP2+4; (e) and (f) are enlargements of
the regions as marked in (d) showing the domain boundaries and
defects of 1DP2+4 (marked by the green and red arrows); (g) tentative
structural model of 1DP2+4. Imaging conditions: (b) Iset ¼ 39 pA, Vbias ¼
0.52 V; (c) Iset ¼ 21 pA, Vbias ¼ 0.52 V; (d–f) Iset ¼ 30 pA, Vbias ¼ 0.90 V.
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the interchain distance of 1DP2+4 (1.1 � 0.1 nm) is apparently
smaller than that expected with alkoxy chain interdigitation (1.8
nm). Thus we assume that these octyloxy groups are oated in
solution. This hypothesis is conrmed by the observation of
identical structure obtained by co-condensation of tereph-
thaldicarboxaldehyde with 4, as shown in Fig. S2.† The aligned
wider bright spots along the polymer chains typically appeared
in the high resolution STM images (Fig. 1f and S2b†) can be
attributed to the anthracenyl groups of the 4 unit, which
contributes to stabilize the assembly of 1DP2+4 by relatively
strong molecule–molecule van der Waals interaction. While for
1DP2+3, the octyloxy side chains can be clearly revealed on the
surface, which are fully extended and interdigitated with that
from the neighbouring 1DP2+3 chains (Fig. 1c). Therefore, the
assembling structures of 1DP2+3 and 1DP2+4 can be easily
distinguished on the surface.

Within the 1DP2+4 assembly, besides the typical domain
boundaries between differently orientated domains, some other
characteristic domain boundaries can also be observed, as
shown in Fig. 1e, which are resulted from incomplete reaction
due to space connement and lattice mismatch. As marked by
the green arrows at such boundaries, only one of the amino
groups of 4 is reacted with aldehyde. Due to the mismatch of the
position and the limited space, further reaction with aldehyde 2
is impossible. In addition, defects in the crystalline domain
were also observed (see the red arrows in Fig. 1f), which are
caused by the absence of aldehyde 2, or diamine 4, or a combi-
nation of both units.

Similarly, co-condensation of 1 with 3 or 4 at the octanoic
acid/HOPG interface at room temperature was also investigated
by STM, both results in formation of well-dened 2DPs by
delicate control of monomer concentration and molar ratio.14

Fig. 2 shows the typical images of both 2DPs. The experimental
lattice parameters of 2DP1+3 and 2DP1+4 are a ¼ b ¼ 3.1 �
0.2 nm, a ¼ 60 � 2�, and a ¼ b ¼ 4.4 � 0.2 nm, a ¼ 60 � 2�,
respectively, which are in good agreement with the chemical
structure models and conrm the covalent bond formation.14 In
the 2D patterns, the six sides of the hexagonal ring are ascribed
to the backbone of diamines. In the high resolution STM image
Fig. 2 Large-scale and high resolution STM images of 2DP1+3 (a and b)
and 2DP1+4 (d and e) formed at the octanoic acid/HOPG interface,
concentration of amine: (a and b) 9.3 � 10�6 mol L�1, (d and e) 5.3 �
10�6 mol L�1. (c and f) Scheme illustrating the structure of 2DPs.
Imaging conditions: (a) Iset ¼ 67 pA, Vbias ¼ 0.56 V, (b) Iset ¼ 28 pA, Vbias

¼ 0.86 V, (d) Iset ¼ 33 pA, Vbias ¼ 0.66 V, (e) Iset ¼ 19 pA, Vbias ¼ 0.68 V.

11498 | RSC Adv., 2017, 7, 11496–11502
(Fig. 2e) the anthracenyl groups on the sides of 2DP1+4 are
clearly visible with higher contrast and larger width, while
2DP1+3 appears with more homogeneous contrast. Thus the
difference in lattice parameters and contrast of the diamine
backbone helps to distinguish both 2DPs when coexist on the
surface.
Constitutional dynamic process of three-component libraries
at the octanoic acid/HOPG interface

Before investigating the amine exchange process of the poly-
mers at the liquid/solid interface, we rst studied the adapta-
tion of a three-component dynamic library constitutes one
dialdehyde or trialdehyde and two diamines towards the HOPG
surface. By applying a droplet of mixture of 2, 3 and 4 with the
molar ratio of 3 : 1.5 : 1.5 on HOPG surface, crystalline structure
that mainly consists of 1DP2+4 architectures was observed, as
shown in Fig. 3b and S3a.† Fig. 3c shows the high resolution
image of crystalline domain of 1DP2+4. Seldomly, polymer
chains consist of both 3 and 4, denoted as 1DP2+3+4 hereaer,
can be observed with this molar ratio of monomers. The crys-
talline domains of 1DP2+4 cover a proportion of ca. 80.0% of the
surface on average, and the other ca. 20.0% by defects and
1DP2+3+4 chains. This observation suggests that 1DP2+4 is the
thermodynamically most stable product at the liquid/solid
interface, thus conrming that the affinity of the building
blocks to the surface plays an important role in the selective
formation of polymers at the octanoic acid/HOPG interface. In
contrast to the well-ordered structure at the octanoic acid/
Fig. 3 (a) Schematic illustration of the possible products from a three-
component library at the liquid/solid interface. STM images of the
monolayer formed by a mixture of 2, 3 and 4 in octanoic acid with
molar ratio 3 : 1.5 : 1.5 (b and c), 3 : 2 : 1 (d), 3 : 2.5 : 0.5 (e and g). (f)
shows a molecular packing model of 1DP2+3+4 corresponding to the
area marked by the red box in (e). Imaging conditions: (b and c) Iset ¼
39 pA, Vbias ¼ 0.60 V; (d) Iset ¼ 24 pA, Vbias ¼ 0.60 V; (e) Iset ¼ 26 pA,
Vbias ¼ 0.52 V; (g) Iset ¼ 24 pA, Vbias ¼ 0.50 V.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Schematic illustration of the amine exchange reaction of 3
by 4 take place at the liquid/solid interface. Representative STM images
show the coexistence of 1DP2+3 and 1DP2+4 (c) on the in situ addition
of 4 on top of a pre-existing monolayer of 1DP2+3 (b). (d) A schematic
illustration for the defect formation when 3 is replaced by 4. Imaging
conditions: (b) Iset¼ 33 pA, Vbias¼ 0.52 V; (c) Iset¼ 18 pA, Vbias¼ 0.66 V.
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HOPG interface, 1D polymers consist randomly arranged 3 and
4 are expected in solution due to the possible diffusion of the
precursors in all directions. However, at the liquid/solid inter-
face the affinity of the precursors and the assembling properties
of the 1DPs help the selection and self-sorting of 1DP2+4 as the
primary product. When mixing 2, 3 and 4 in a 3 : 2 : 1 ratio, the
surface coverage of 1DP2+4 crystalline domains was reduced to
ca. 20%. About 80% of the surface was covered by 1DP2+3+4.
Fig. 3d shows the representative STM image. This statistical
analysis indicated that the substrate inuences the distribution
of reaction products, and the assembling on the surface induces
self-sorting of 1DP2+4. The yellow arrows in Fig. 3d highlighted
some 1DP2+3+4 chains, connecting two crystalline domains of
1DP2+4, and the interchain distance (1.8� 0.2 nm) is larger than
the distance (1.1 nm) between 1DP2+4 chains in the crystalline
domain, indicating that the octyloxy side chains in 1DP2+3+4 are
adsorbed on the surface.

When the molar ratio of 2, 3 and 4 was adjusted to
3 : 2.5 : 0.5, the areas occupied by the crystalline domains of
1DP2+4 were further decreased to ca. 5%, indicating the increase
of 1DP2+3+4 domain (Fig. 3e). In our previous work, we have
demonstrated the important role of octyloxy side chains of 2 in
dening the inter-chain distance and interaction of 1DP2+3.14 In
the current case, the average inter-chain distance of 1DP2+3+4
(1.8 � 0.2 nm) matches well with that of 1DP2+3 (1.7 � 0.1 nm).
It is worth noting that the interchain distance of 1DP2+3+4 is not
uniform and the backbone of 1DP2+3+4 is not aligned as straight
as 1DP2+3 or 1DP2+4 (Fig. 3e). Typical high-resolution STM image
clearly shows that along the polymer backbone, in some
domain as marked by the white arrows in Fig. 3g, the adsorbed
octyloxy chains are visible, however, in other domains as
marked by the red arrow in Fig. 3g, the alkyl chains are not
visible, which indicates it is not adsorbed on the surface. We
consider this as an indication of inter-chain interaction domi-
nated by side chain interdigitation or van der Waals interaction
between the backbones, which is determined by the relative
abundance of diamine 3 or 4.

The above experiments have clearly demonstrated that the
molar ratio and adsorption ability of building blocks plays
a vital role in the selectivity of the nal products at the liquid/
solid interface. The surface coverage of 1DP2+4/1DP2+3+4
domain can be adjusted by tuning the molar ratio of 3 and 4
gradually. Typical high-resolution STM images (Fig. 3d and e)
clearly revealed that the backbone of 3 and 4 distribute
randomly along the backbone of 1DP2+3+4. To have more insight
into the reaction mechanism and role of the surface we inves-
tigated the reactions in solution by 1H-NMR. To do so, the
monomers were dissolved in CDCl3 and then mixing with 1 : 1
molar ratio (concentration of amine: c3 ¼ 2.3 � 10�3 mol L�1, c4
¼ 1.9 � 10�3 mol L�1). Right aer mixing, 1H-NMR indicates
that the condensation between 2 and 4 is neglectable, while in
case of 2 and 3, 1H-NMR indicates about�37% aldehyde groups
have transformed into imine (Fig. S8 & S9†). Aer six days, the
reaction yields increase to �13% and 60% for the case of 2 with
4 and 2 with 3, respectively. These results conrms that the
Schiff base condensation between these monomers can happen
under room temperature, even without the presence of acidic
This journal is © The Royal Society of Chemistry 2017
catalysis. If catalysis amount of triuoroacetic acid (TFA) was
added to mimic the acidity of octanoic acid, the solution
immediately turns cloudy indicating precipitation of reaction
products.

In analogy to the study of the DCC of 1DPs, we also investi-
gated the selectivity of the surface toward a three-component
library in the case of 2DPs. STM observation aer deposition
of a 2 : 3 : 3 or 4 : 3 : 3 mixture of 1, 3 and 4 in octanoic acid at
room temperature reveals exclusive formation of 2DP1+4 at the
interface, no sign of presence of 3was revealed (Fig. S4a and b†).
When molar ratio of 1, 3 and 4 was adjusted to 4 : 5 : 1, STM
revealed the coexistence of both 2DP1+3 and 2DP1+4, and the
2DPs tends to phase separation rather than intermixing, again
highlight the self-sorting of reaction products at the interface
(Fig. S4c†). This observation further conrms the signicance of
the preferential adsorption of building blocks in the product
selection from a DCC library in the presence of a surface.
Amine exchange at the octanoic acid/HOPG interface

To explore fully the inuence of surface, and to gain more
insight into the effect of preferential adsorption of building
blocks and reaction products on HOPG surface, in situ diamine
exchange process of 1DPs or 2DPs were performed. To this end,
a drop of equimolar solution of 3 or 4 was applied on top of
a pre-existing monolayer of 1DP2+4 or 1DP2+3. In case of
exchange of 4 by 3, aer 120 minutes, diamine exchange was
not observed at the interface. Conversely, when an equimolar
solution of 4 was deposited on top of the 1DP2+3 monolayers
(Fig. 4b), the equilibrium of the diamine exchange process can
be shied towards the formation of 1DP2+4. Aer about 170
RSC Adv., 2017, 7, 11496–11502 | 11499
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Fig. 5 Representative STM images show the different results of amine
exchange processes in the case of 2DPs. (a and b) STM and schematic
illustration of amine exchange process of 3 by 4 from a pre-existing
monolayer of 2DP1+3, respectively. 2DP1+4 was observed exclusively
after 78minutes. (c) On the in situ addition of 4 on top of a pre-existing
monolayer of 2DP1+5, imine oligomers was incorporated into the
cavities of 2DP1+5 network. (d) shows the schematic diagram of
formation of host–guest structure. Imaging conditions: (a) Iset¼ 33 pA,
Vbias ¼ 0.60 V; Iset ¼ 44 pA, Vbias ¼ 0.60 V; (c) Iset ¼ 46 pA, Vbias ¼
0.66 V; Iset ¼ 39 pA, Vbias ¼ 0.90 V.
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minutes, coexistence of 1DP2+3 and 1DP2+4 lamellae domains
was observed, as indicated in Fig. 4c. In view of the sites occu-
pied by 1DP2+4, we can conclude that the exchange reaction
takes place more easily at the domain boundaries of 1DP2+3.
However, once the exchange reaction occurs in the middle of
a 1DP2+3 polymer chain, that is, one 3 unit is replaced by a 4
unit, due to the mismatch in backbone length, a structural
defect in the 2D domain can be created, as indicated by the red
arrow in Fig. 4c. Fig. 4d shows the tentative molecular model for
the defect formation during exchange of 3 with 4 in the middle
of a 1DP2+3 chain. Since the monomer 4 (1.92 nm) is larger than
3 (1.01 nm), removal of a trimer (2.62 nm) is necessary in order
to insert a 4 in the middle of a 1DP2+3 chain, and at the same
time break one 1DP2+3 chain into two disconnected chains.
Apparently, on the surface due to the surface connement,
diamine exchange is more difficult to happen in the middle in
comparison with that at the end of a polymer chain, since it
needs to break two C]N bonds simultaneously. While this
problem does not exist in the solution. Our STM observations
consist well with this deduction. The difference in diamine
exchange of 4 by 3 from 3 by 4 can be rationalized by the
difference in their affinity to the surface. Such difference has
already been demonstrated by the selection of substrate
towards a three-component DCC library in the previous part.

However, even in the case of exchange of 3 by 4, aer about
780 minutes, the exchange reaction was not complete at room
temperature (Fig. S5†). 1DP2+3 still occupies about 34% of the
surface. Thus the nal structure we got at room temperature
from amine exchange is a surface covered by phase separated
domains of 1DP2+3, 1DP2+4 and some disordered assembly of
1DP2+3+4. Only aer annealing the sample at 100 �C for 30
minutes, the equilibrium of the diamine exchange process can
be fully shied toward the formation of 1DP2+4, 1DP2+3 domains
completely disappeared as indicated in Fig. S6.† This means
that although the formation of 1DP2+4 at the interface is ener-
getically more favourable, the energy barrier is too high at room
temperature, the exchange reaction can only be completed by
increasing the temperature to accelerate the exchange process
of diamines.

To gain more detailed insight into the DCC process of poly-
mers, we then extended our study to the in situ diamine exchange
of the 2DPs at the liquid/solid interface. For this goal, an equi-
molar solution of 3/4 was drop-casted on top of a pre-existing
monolayer of 2DP1+4/2DP1+3. As in the case of 1DPs, the
diamine exchange in 2DP1+4 does not happen even we wait for
a long time. Instead a large portion of the cavities of the 2DP1+4
network appears lled aer application of 3 (Fig. S7†). The bright
features in the cavities are most probably imine oligomers
formed by 1 and 3. Conversely, when a droplet of solution con-
taining equimolar of 4 was applied on a pre-existing 2DP1+3, aer
78 minutes, the surface was covered dominantly by 2DP1+4,
indicating complete replacement of 3 by 4 (Fig. 5a). Noticeably,
most of the cavities of the 2DP1+4 network formed in this case
appear lled with some bright objects, possibly imine oligomers.
The different behaviour toward amine exchange in 2DP1+3 and
2DP1+4 can be rationalized by the difference in adsorption energy
of both diamines: monomer 4 has stronger molecule–substrate
11500 | RSC Adv., 2017, 7, 11496–11502
interaction than 3 due to the larger size and extended p-conju-
gation, thus show higher affinity to the surface.

However, we discovered that the difference in adsorption
energy of the diamines is not the only important factor affecting
the amine exchange process. Though diamine 4 is expected to
have higher affinity toward the surface than monomer 5, when
a droplet of equimolar solution of 4 was drop-casted on top of
a pre-existing monolayer of 2DP1+5, surprisingly, aer 382
minutes, diamine exchange was not observed. Instead, mole-
cule 4 was incorporated into the 2DP1+5 networks, as shown in
Fig. 5c. This difference in behaviour is attributed to the differ-
ence in pore size of the 2DP1+5 (3.3 nm) from 2DP1+3 (2.5 nm).
Since both pores are large enough to accommodate diamine 4
(1.92 nm), we suppose the feature trapped in the cavities are
imine oligomers, most probably dimers containing one 4 and
one 1, rather than intact monomer 4. The accommodation of
these oligomers in the cavity prevents the amine exchange, and
in turn helps to stabilize the 2DP1+5.

Finally, we designed a strategy that allows us to construct
2DP hetero-structures on the surface. Schematic illustration on
the formation of 2D hetero-structures is outlined in Fig. 6a. In
the experiment, rst a submonolayer of 2DP1+3 was prepared by
applying a 2.5 mL mixture solution of 1 with 3 (1 and 3 in the
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27395e


Fig. 6 (a) A schematic diagram of the formation of 2DP hetero-
structure on the surface. STM images of the submonolayer of 2DP1+3
(b) and in situ synthesized hetero-structure of 2DP1+3/2D1+4 (c) at the
octanoic acid/HOPG interface. Imaging conditions: (b) Iset ¼ 28 pA,
Vbias ¼ 0.68 V; (c) and inset Iset ¼ 27 pA, Vbias ¼ 0.52 V.
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ratio 2 : 3, concentration of 3: c3 ¼ 9.3 � 10�6 mol L�1) in
octanoic acid on HOPG surface (Fig. 6b). STM revealed that
2DP1+3 covers about 68% of the surface at this concentration.
Then a drop of same volume mixture solution of 1 with 4 (1 and
4 in the ratio 2 : 3, concentration of 4: c4 ¼ 5.3 � 10�6 mol L�1)
in octanoic acid was applied on top of this pre-existing sub-
monolayer of 2DP1+3. 2DP1+4 forms at the uncovered area, leads
to formation of a hetero two-dimensional polymer, as shown in
Fig. 6c. This structure is distinctively different from those
formed from simultaneous deposition of a 4 : 3 : 3 mixture of 1,
3, 4 in octanoic acid (concentration of 3 and 4: c3 ¼ c4 ¼ 3.4 �
10�6 mol L�1), which leads to a pure 2DP1+4 monolayer as
shown in Fig. S6a† due to the higher affinity of 4 towards the
surface. Therefore, the 2DP hetero-structures can only be con-
structed using this stepwise method at the liquid/solid inter-
face. High resolution STM image (Fig. 6c, inset) indicates that
the hetero-structure is covalently connected. The two-
dimensional network exhibits enough exibility to accommo-
date the lattice distortion at the domain edges. Interestingly,
with this strategy the formation of 2DP1+4 occurred mainly at
the uncovered areas and the orderliness of 2DP1+3 was not
disturbed. The surface coverage of 2DP1+3 was 56% in the hetero
structure, indicating the hetero structure is formed mainly
through formation of 2DP1+4 in the uncovered area instead of
replacement of 2DP1+3 by 2DP1+4. This result implies that the
Schiff base coupling of 4 with 1 is favourable over amine
exchange process at this condition.
Conclusions

In summary, we have systematically investigated the effect of
substrate surface on the selectivity toward specic products from
a multi-component dynamic covalent library, as well as the
transimination in 1D and 2D imine polymers at the liquid/solid
interface. Our STM results successfully achieved evidence for
the effect of surface on the reversible dynamic covalent processes
of 1D/2D polymers. The self-assembly of 1DPs and the competi-
tive adsorption of monomers affect thermodynamic and kinetic
features of covalent dynamic process at the liquid/solid interface
This journal is © The Royal Society of Chemistry 2017
and leads to constituent selection and formation of specic
copolymers. Furthermore, a covalently connected hetero-
structure of 2DPs has been successfully constructed using
a stepwise deposition method at the liquid/solid interface.

From a conceptual point of view, these results express
a synergistic adaptive behaviour: the self-assembling properties
of the products and the competitive adsorption of monomer
and products on the HOPG surface drives a constitutional
evolution of the dynamic mixture toward specic 1D and 2D
imine polymers and leads to the yield of reaction products that
is essentially different from that can be obtained in solution.
This adaptability potentially offers the development of “smart”
materials which can respond to substrate through the use of
dynamic covalent chemistry.
Materials and methods

All of the chemicals, except 4, were purchased from J&K and
used without further purication. The monomer 4 was synthe-
sized with reported method.33

To ensure solubilization of all compounds, precursors were
rst dissolved in dimethyl sulfoxide (1 mg g�1) and diluted with
octanoic acid to obtain the desired concentration. For STM
characterization, the monomers were mixed with desired molar
ratios prior deposition onto the surface. A mixed solution (5 mL)
was then directly applied to a freshly cleaved HOPG surface at
room temperature. For annealing, the sample was positioned in
a preheated oven at 100 �C for �30 min. The sample was taken
out of the oven and cooled to room temperature, then charac-
terized by scanning tunneling microscopy (STM).

STM measurements were performed by using an Agilent 5100
scanning probe microscope with mechanically formed Pt/Ir (80/
20) tips under ambient conditions. All images were taken in
the constant current mode. The calibration of STM images was
carried out by using an atomic resolution HOPG lattice. The
chemical structure models were built with HyperChem soware.
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Y. Jin, A. D. Schlüter and W. Zhang, Angew. Chem., Int. Ed.,
2016, 55, 213–217.

8 A. Ciesielski, M. El Garah, S. Haar, P. Kovǎŕıček, J. M. Lehn
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