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Negative thermal expansion (NTE) behavior has roused wide interest for the control of thermomechan-
ical properties of functional materials. Although NTE behaviors have been found in kinds of compounds,
it remains challenging for polymers to achieve intrinsic NTE property. In this work, we systematically
studied the conformational change of dibenzocyclooctadiene (DBCOD) derivatives between chair (C) and
twist-boat (TB) forms based on density-functional theory (DFT) calculations, and found clear evidence of
the relationship between the structure of DBCOD units and the thermal contraction behavior of the
related polymers. In order to obtain the polymerwith NTE property, two conditions should bemet for the
thermal contractingDBCOD related units as follows: (i) the TB conformation can turn into C conformation
as the temperature increases, and (ii) the volume of C conformation is smaller than that of TB
conformation. This rule should offer a guidance to exploration of the new intrinsic NTE polymers in the
future.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Mostmaterials exhibit positive thermal expansion (PTE), which
may lead to deterioration and ultimately device failure due to the
stress during temperature cycling [1]. Negative thermal expansion
(NTE), as a counterintuitive thermophysical behavior, can be used
to tune the coefficient of thermal expansion (CTE) [2,3]. Up to now,
researchers have paid more attention to inorganic materials or
small organic molecules during the design and explore of NTE
materials, such as oxides [4–6], cyanides [7–10], zeolites [11,12],
organic crystalline [13–15], perovskites [16,17] and metal-organic
framework (MOFs) [18–20]. The intrinsic NTE polymers have rarely
reported, even though practical applications of polymeric materi-
als are limited because of their high positive CTE values [21].

In our early work, a new kind of crosslinked polyarylamide
containing dibenzocyclooctadiene (DBCOD) unit was prepared,
and we found it had unconventional giant NTE behavior attributed
to conformational change of DBCOD [22].When the temperature is
low, DBCOD units mainly present twist-boat (TB) conformation
[23–25], and after absorbing energy, most of them change into the
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chair (C) conformation. Then, we incorporated carbon nanotubes
into the polyacrylamide and reduced crystallinity to enhance the
NTE behaviour [26,27]. By adjusting the amount of DBCOD units,
we obtained polymerswith negative, zero and positive coefficients
of thermal expansion (CTE) [28].

Recently, we directly synthesized a monomer containing
DBCOD unit and prepared the first linear polymer that displayed
NTE behaviour [29]. The successful synthesis of DBCOD monomer,
which inspired us a lot, suggested that we were able to design
DBCODmonomers with various functional groups to be assembled
into kinds of polymeric materials, extremely expanding the range
of applications of NTE materials.

However, in the following work, we found that only a small
portion of polymers showed NTE effect, while the majority of
polymers did not have NTE behaviors in spite of containing DBCOD
units. It was speculated that this phenomenon was due to the fact
that the conformation of DBCOD units in these polymers did not
undergo a large-scale transformation, and the TB conformation
was still dominant after the temperature increased. Our prelimi-
nary experimental results found that the relative energy of TB and
C conformations would change when substituent groups were
introduced in the benzene ring of DBCOD. Here, in order to
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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investigate the inherent law, we designed and synthesized a series
of DBCOD derivatives to study the relationship between DBCOD
derivative’s structure and NTE property of related polymer. After
synthesis and characterization, we calculated the related thermo-
dynamic data throughdensity-functional theory (DFT) calculations
and then predicted their temperature-dependent expansion
behaviours.

For the structures of DBCOD, the coexistence of TB and C
conformations can be distinguished by temperature-dependent 1H
NMR. The 1H NMR spectra of the methylene protons of DBCOD in
the range of �105 �C to 25 �C in CD2Cl2-CS2 (4:1) is shown in Fig. 1.
There is a single signal at d 3.15ppm between 0 and 25 �C, which
means the quick transform between TB and C. With temperature
decrease, the single signal becomes broader, which means the
transform speed decrease. When the temperature decreases to
�65 �C, new sets of peaks (d 3.07ppm, d 3.05ppm, d 2.62ppm, d
2.60 ppm) appear. TB conformation has two enantiomers that can
be distinguished as the TB signal splits into doublet below �85 �C.
At�105 �C, there is a 83:17 ratio of the two sets of signals: a singlet
for TB (d 3.38ppm, d 2.89ppm) and AA’BB’ for C (d 3.06ppm, d
3.04ppm, d 2.60ppm, d 2.58ppm), which indicates that TB
conformation is the preferred conformation with lower relative
energy. Assuming that the relative free energy of TB conformation
is 0 kcal/mol, the free energy of C conformation is -0.1, -0.2 and
-0.3 kcal/mol at temperature of 25, 100 and 200 �C, respectively,
which is very close to the energy of TB conformation (Fig. S1 in
Supporting information).

Then, we designed and synthesized six DBCOD-containing
molecules with different substituent groups (Molecules A-F, the
detailed information was listed in Supporting information) to
figure out their conformational relative energies at different
temperatures. Molecule A is a cis-amide-containing DBCOD
derivative, while Molecule B is a trans-amide-containing DBCOD
derivative. Compared to Molecule A, the position of N-H and C=O
units of amide group in Molecule C is interchanged. Instead,
Molecules D, E, and F are connected with the benzene ring, azo
group and ester group, respectively.

As illustrated in Fig. 2, the two conformations ofMolecule A and
B will undergo interconversion as the temperature rises. The
relative free energy of C conformation in Molecule A at 25 �C is
[(Fig._1)TD$FIG]

Fig. 1. Temperature-dependent 1H NMR (MHz) spectra of the methylene protons of
DBCOD for its related conformation state in twist-boat (TB) and chair (C) forms.
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greater than that of TB conformation (Fig. 2a), so TB conformation
is dominant at room temperature [29]. When temperature
increases to 100 or 200 �C, the relative free energy of C
conformation of Molecule A is less than that of TB conformation,
indicating that the optimal conformation has transformed from TB
to C at high temperature. With regard to Molecule B, the relative
free energy of C conformation is lower than that of TB
conformation at all calculated temperatures, suggesting that the
C conformation is preferential conformation at room temperature.
With increasing temperature, the proportion of C conformation
will enhance as well. Differentially for Molecule C, the free energy
of C form is equal to or higher than TB form at all studied
temperatures. This data hint that TB should be the dominant form.
All above results mean that the substituent groups have obviously
influence on the conformer’s free energy and the dominant form.

In according with this research line, we further synthesized
another series of DBCOD derivatives, and their structure informa-
tion could be found in Fig. 3. From this figure, interestingly the
relative free energy of C form is alwaysmuch higher than that of TB
form at 25, 100, 200 �C, respectively, which suggests that the
remarkable conformational change from TB to C cannot be taken
place as temperature goes up.

The detailed relevant theoretical thermodynamic data and
volumes of the two conformations of DBCOD and its derivatives
were listed in Table 1. The volumes of the two conformations were
calculated in terms of the smallest cube that could be inserted
according toDFTcalculations. It can be seen fromvolume change in
the last two columns that C conformations of Molecule A and
Molecule F have smaller volume than their TB conformations. It
can be speculated that, for thermal contracting DBCOD derivatives,
two conditions should be met, TB conformation turns into C
conformation and the volume of C conformation is smaller than
that of TB conformation as the temperature increases. ForMolecule
B, although conformational transformation is able to proceed, the
volume of C form is bigger than that of TB form, which is not good
for the thermal contraction. ForMolecule F, the volume of C form is
smaller than that of TB form, but the free energy prohibits the
conformational transformation from TB to C. Only Molecule A,
which can undergo conformation change and its C form has a
smaller volume than TB form, has a negative thermal expansion
characteristic. From the above experimental results, we can find
that the conformational change of DBCOD unit and the conforma-
tional volume are closely related to the type of substituent in the
benzene ring of DBCOD.

To verify above theoretical results, the related polymers of PA-
cis-DBCOD, PA-trans-DBCOD and PU-cis-DBCOD were prepared
based on the structures of Molecules A, B and F (Fig. 4). According
to the theoretical calculation, the polymer containing Molecule A
units (PA-cis-DBCOD) should be thermal shrinkage, while the
polymer containing Molecule B (PA-trans-DBCOD) and Molecule F
(PU-cis-DBCOD) structure units should show normal thermal
expansion. In our experiments, the related polymer powders were
dissolved in NMP, and then dripped them onto the silicon wafer
substrates. After the solution evaporated, the polymer films were
peeled off for thermomechanical analyzer (TMA) test. The TMA
curves of three polymers were shown in Fig. 4. The polyacrylamide
of PA-cis-DBCOD was obtained by condensation of cis-diacid
DBCODderivative and diaminemonomer (Supporting information,
4.1). From the TMA curve, the average thermal expansion
coefficient was -319.2 ppm/K within the range of 30�150 �C,
showing the significant negative thermal expansion (Fig. 4a) [29].
The polyarylamide of PA-trans-DBCOD was synthesized by
condensation polymerization of trans-diacid DBCOD derivative
and diamine monomer (Supporting information, 4.1), and its TMA
curve showed that the average thermal expansion coefficient was
67.3 ppm/K within the same temperature range, indicating the
6
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Fig. 2. DFTcalculations to illustrate the structures and energy differences between twist boat (TB) and chair (C) conformers in (a) Molecule A, (b)Molecule B and (c)Molecule
C.

[(Fig._3)TD$FIG]

Fig. 3. DFTcalculations to illustrate the structures and energy differences between twist boat (TB) and chair (C) conformers in (a)Molecule D, (b)Molecule E and (c)Molecule
F.

Table 1
DFT calculations on TB and C conformers at different temperatures for Molecules A-F and DBCOD.

Code Conformation DEa

(kcal/mol)
DH (25 �C)b

(kcal/mol)
DG (25 �C)c

(kcal/mol)
DG (100 �C)d

(kcal/mol)
DG (200 �C)e

(kcal/mol)
Volume changef

(cm3/mol)
Volume
change (%)

Molecule
A

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 2.1 2.3 0.4 �0.1 �0.7 �13.3 �4.2

Molecule
B

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 3.2 4.1 �0.1 �1.1 �2.6 56.1 16.2

Molecule
C

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 0.3 0.4 0.1 0.1 0.0 27.3 8.2

Molecule
D

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 0.7 0.7 0.6 0.6 0.6 46.2 16.9

Molecule
E

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 0.5 0.5 0.8 0.8 0.9 32.7 9.8

Molecule
F

Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair 3.4 3.4 2.5 2.2 1.9 �56.4 �13.5

DBCOD Twist boat 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chair �0.0006 0.09 �0.13 �0.19 �0.28 �0.7 �0.4

a Relative energy at 0K with ZPE correction.
b Relative enthalpy at 25 �C.
c Relative Gibbs free energy at 25 �C.
d Relative Gibbs free energy at 100 �C.
e Relative Gibbs free energy at 200 �C.
f from Gaussian output.
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normal thermal expansion (Fig. 4b). For the polyurethane of PU-
cis-DBCOD obtained by dihydroxymethyl derivative fromMolecule
F and diisocyanate (Supporting information, 4.2), the average
thermal expansion coefficient derived from its TMA curve was
84.2 ppm/Kwithin the range of 0�100 �C (Fig. 4c), showing normal
thermal expansion as prediction.

In summary, we have calculated the relative energy and volume
for the C and TB conformers of DBCODmolecule and its derivatives
based on DFT. Our experimental results suggested that two
conditions should be met for the thermal contracting DBCOD
derivatives as follows: (i) the TB conformation can turn into C
1517
conformation as the temperature increases, and (ii) the volume of
C conformation is smaller than that of TB conformation. The TMA
curves of the related polymers have proven our calculated results.
PA-cis-DBCOD displayed thermal contraction, whilst PA-trans-
DBCOD and PU-cis-DBCOD showed normal thermal expansion. The
thermal expansionproperties of the three polymers are in linewith
the DFT predicted results, which further verifies the positive role of
the theoretical calculation, i.e., DFT calculation can give us more
information about the thermal behaviour of the polymers. In other
words, the calculations enable us to predict and explore new NTE
polymers for the specific applications.
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Fig. 4. TMA plot of (a) PA-cis-DBCOD film, (b) PA-trans-DBCOD and (c) PU-cis-DBCOD with a heating rate of 2 �C/min.
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