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ABSTRACT: Molecular switches offer wide applicability through conformational changes which can be
triggered by external stimuli. Azobenzenes are excellent candidates to contribute toward a rational design
of molecular switches because they exist as either cis or trans isomers as a result of the dynamic
photoisomerization process. In this study, we leverage the azobenzene stimuli response by attaching it as a
pendant group on polycarbodiimides synthesized using screw sense polymerization. The exposure of the
polymer sample in solution to UV light induces the transformation of the azobenzene pendant groups to
the cis isomer with re-emergence of the trans conformer under visible light or heat. Corroborating
experimental and computational data reveal that these events induce spring-like expansion−contraction
motions throughout the helical backbone. Our finding suggests the use of polycarbodiimide-derived
photoswitches as dynamic materials in biological applications and materials science.

■ INTRODUCTION

The design of molecular switches showing bistability in response
to an external stimuli, such as solvent,1 pH,2 ions,3 and temper-
ature,4 has been a growing area of interest. The presence of two
specific molecular conformations that can be precisely controlled
is an important strategy for the creation of molecular switches.
By employing bistability, various polymeric systems have been
designed for specific functions. These systems are capable of
controlling a specific event selectively upon triggering with light,5

solvent,6,7 pH,8 or temperature,9 providing advantages toward
chiral separation,10 polymeric liquid crystalline materials,11−13

chiral support,14 and in vivo drug delivery studies.15

Synthesis of artificial helical systems is an emerging area
of polymer chemistry due to its diverse applications such as
chiroptical switches,16 reconfiguring emulsions,17 drug delivery
agents,18 and optoelectronics.19 With regard to helical polymers
such as polycarbodiimides and polyisocyanates, the helical
inversions between P and M helices,20 helix-to-coil,21 coil−helix
transitions,22,23 and helical expansion−contractions (helical
breathing) are promising and practical areas of research as
these undergo molecular level dynamic assemblies which are
essential for molecular switches. We have extensively studied
the chiroptical switching behavior of polycarbodiimides capable
of exhibiting conformational changes with respect to solvent
and temperature. For instance, poly(N-naphthyl-N′-octadecyl-
carbodiimide) shows temperature- and solvent-induced chirop-
tical switching behavior. These changes occur due to the

reversible shutter-like reorientation of naphthalene scaffolds
through imine inversion.16 This unique reorientation causes the
polymer backbone to undergo changes in helical pitch as
evident by VCD (vibrational circular dichroism) and DFT
(density functional theory) calculations.
Inspired by these results, in this study we investigated how

photochemical and thermal isomerization of azobenzene
pendant groups influences the polymer helicity. The discovery
of azobenzene systems as photoswitches is one of the mile-
stones in photochemistry as it shows isomerization between
trans and cis forms upon UV irradiation. The azobenzene motif
has been incorporated into various types of molecules including
virus-based nanowires,24 peptides,25 proteins,26 nucleic acids,
and ion channels27 for spatial and temporal control of various
activities which rely on reversible conformational changes upon
illumination of the azo chromophore. For instance, Wooley and
co-workers reported an elegant azobenzene-based photoswitch
linked to peptides to regulate their affinity toward DNA binding
via photoisomerization.28

In this work, our specific goal was to understand the
chiroptical switching behavior of the polycarbodiimide back-
bone occurring through isomerization of azobenzene pendant
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scaffolds in poly(N-(1,2-diphenyldiazene)-N′-hexylcarbodiimide)
of both R- and S-configurations.

■ MATERIALS AND METHODS
Chemicals for the synthesis of all monomers were purchased from
Sigma-Aldrich (Milwaukee, WI) and used as received unless stated
otherwise. The certified ACS grade solvents were purchased from
Fisher Scientific and distilled prior to use. Column chromatography on
monomers was performed by using neutral high purity silica gel. All
monomers and polymers were stored in an N2 atmosphere MBraun
UNILAB glovebox prior to use.

1H NMR and 13C NMR were recorded using a Bruker Advance III
500 MHz NMR spectrometer at room temperature. Specific optical
rotation (SOR) data were recorded on a JASCO P-1010 polarimeter at
λ = 589 nm and at a sample concentration of 2.0 mg/mL by using a
100 mm path length cell. Solution-state vibrational circular dichroism
(VCD) spectra were obtained on a Bio Tool Chiral-2X VCD spec-
trometer by dissolving samples in deuterated toluene (C = 25 mg/mL
and l = 50 μm). A Raguku Ultima III X-ray diffractometer was used to
record all p-XRD profiles of powder samples. Tapping mode atomic
force microscopy (TM-AFM) was performed by using a Nanoscope IV
Multimode Veeco instrument on silicon wafers (diameter, d = 2.5 cm,
Wafer World). All imaging was performed at room temperature with a
silicon cantilever with a nominal constant of 42 N/m and 320 kHz
using an OTESPA tip. Scanning electron microscopy (SEM) imaging
was done by using a Zeiss Supra 40 instrument. The samples were
mounted on a silicon wafer and coated with a conductive Pd/Au film.
The potential applied to the inspection sample was 10 keV. Size exclu-
sion chromatography (SEC) was performed on a Viscotek VE 3580
system equipped with ViscoGel columns (GMHHR-M), connected to
a refractive index detector to determine the polymer molar masses.
Synthesis of N-(1,2-Diphenyldiazene)-N′-hexylurea. First,

5.000 g (1 equiv, 39.3 mmol) of hexyl isocyanate was dissolved in
150 mL of CHCl3 in a 250 mL round-bottom flask and cooled in an
ice bath. Then, 7.751 g (1 equiv, 39.3 mmol) of 4-aminoazobenzene
was added dropwise while stirring. The mixture was refluxed at 60 °C
overnight. At the end of the reaction time, the solvent was evaporated,
and the product was obtained as a red solid. It was recrystallized from
hot ethanol and dried under vacuum overnight.
Yield = 10.320 g (81%, red needle-like short crystals); 1H NMR

(500 MHz, CDCl3, δ ppm): 7.91−7.43 (overlapped multiplets, 9H,
Ar−H), 6.57 (br, 1H, Ar−N−H), 4.80 (br, 1H, C−N−H), 3.30, 3.29,
3.27, 3.26 (q, 2H, N−CH2), 1.57−1.25 (overlapped multiplet, 8H,
alkane H), 0.90, 0.89, 0.87 (t, 3H, terminal CH3);

13C NMR
(126 MHz, CDCl3, δ ppm): 155.04 (CO, amide carbonyl), 152.87
(C−NN), 148.53 (C−NN), 141.73 (C−NH), 130.73, 129.19,
124.39, 122.81, 119.81(Ar CC), 40.76 (NH−CH2), 31.65, 30.17,
26.72, 22.72 (hexyl chain CH2), 14.17 (terminal CH3).
Synthesis of N-(1,2-Diphenyldiazene)-N′-hexylcarbodiimide

Monomer. 13.031 g (1.25 equiv, 30.8 mmol) of PPh3Br2 was placed
in cold DCM. Then 8.6 mL, (2.5 equiv, 61.6 mmol) of triethylamine
was added dropwise under nitrogen. The mixture was stirred for
10 min. Then 8.101 g (1 equiv, 24.6 mmol) of urea was added slowly
while stirring. After stirring for 1 h at room temperature, the ice bath
was removed, and an excess of hexanes was added. The precipitated
solid was filtered and discarded. The monomer was extracted into
hexanes and purified using a SiO2 column with DCM as the eluent.
Yield = 6.32 g (86%, clear red oil). 1H NMR (500 MHz, CDCl3,
δ ppm): 7.91−7.19 (overlapped multiplets, 9H, Ar−H), 3.48, 3.47,
3.46, (t, 2H, N−CH2), 1.74−1.31 (m, overlapped, 8 H, alkanes), 0.92,
0.90, 0.89 (t, 3H, CH3).

13C NMR (126 MHz, CDCl3, δ ppm): 152.70
(C−NN), 149.50 (NCN, carbodiimide), 144.11, 134.31,
130.77 (C−N), 129.08, 124.22, 124.02, 122.74, 120.16 (Ar CC),
46.87 (N−CH2), 31.27, 26.47, 22.55, 14.01 (C−H, alkanes).
Synthesis of Poly(N-(1,2-diphenyldiazene)-N′-hexylcarbodii-

mide), P-1. To synthesize (R)- and (S)-polymers, (R)-BINOL-Ti(IV)
and (S)-BINOL-Ti(IV) initiators were used, respectively. The
monomer to initiator ratio was 250:1. Inside the glovebox, 1.502 g
(250 equiv, 4.9 mmol) of monomer was placed in an oven-dried

sample vial along with 1.0 mL of CHCl3. Then, 8.8 mg (1 equiv,
19.6 μmol) of (S)- or (R)-initiator was added and stirred overnight. At
the end of the reaction time, material from the vial was dissolved in
CHCl3, precipitated from MeOH three times, and then dried under
vacuum for 2 days. For (S)-P-1: yield = 1.101 g (73%); 21[α]589 =
−273°, Mn = 21 000 Da. 1H NMR (500 MHz, CDCl3, δ ppm): 7.71−
6.54 (br, Ar H), 3.59−2.63 (br, N−CH2), 1.58−0.41 (br, alkanes).
13C NMR (126 MHz, CDCl3, δ ppm): 152.87 (C−NN), 150.24
(CN, imine), 148.45, 147.71, 130.25, 129.06 (C−N), 128.76,
123.93, 123.76, 122.53, 119.87 (Ar CC), 47.40 (N−CH2), 31.45,
29.64, 28.21, 26.15, 22.35, 13.62 (C−H, alkanes). For (R)-P-1: yield =
1.321 g (88%); 21[α]589 = 305°, Mn = 22 500 Da.

Synthesis of Poly(N-(1,2-diphenyldiazene)-N′-hexylcarbodii-
mide)-random-poly(N-phenethyl-N′-methylcarbodiimide), P-2.
Inside the glovebox, 0.500 g (250 equiv, 16.3 mmol) of N-(1,2-
diphenyldiazene)-N′-hexylcarbodiimide and 26.1 mg (25 equiv,
1.6 mmol) of N-phenethyl-N′-methylcarbodiimide monomers were
placed along with 1.0 mL of CHCl3. Then, 2.9 mg (1 equiv, 6.5 μmol)
of (RAC)-BINOL-Ti(IV) initiator was added and stirred for 18 h. At
the end of the reaction time, the gelled polymer was dissolved in
CHCl3 and precipitated from MeOH three times. The product was
dried under vacuum for 2 days. Yield = 0.44 g (84%); 21[α]589 =
−113°, Mn = 20 300 Da. 1H NMR (500 MHz, CDCl3, δ ppm): 7.89,
7.76, 7.42, 7.26, 7.01, 6.86 (br, overlapped, Ar−H), 5.94, 5.39, 5.06
(br, methine H from PPEMC), 3.69, 3.66 (br, amine N−CH2), 3.27,
3.24 (br, N−CH3), 2.67 (br, amine N−CH2), 1.65, 1.30, 0.88, 0.74,
0.55, 0.47 (alkanes, CH2 and CH3).

13C NMR (126 MHz, CDCl3,
δ ppm): 152.95 (C−NN), 150.54 (imine, CN), 148.41 (imine,
CN), 130.77−119.58 (Ar CC), 47.54 (methine C, C−H), 32.15,
28.68, 27.04, 22.97, 14.17 (alkanes, CH2 and CH3).

Synthesis of Poly(N-(1,2-diphenyldiazene)-N′-hexylcarbodii-
mide)-random-poly(N-phenethyl-N′-methylcarbodiimide), P-3.
The same procedure was carried out for P-3 with 0.503 g (1 equiv,
1.6 mmol) of N-(1,2-diphenyldiazene)-N′-hexylcarbodiimide, 0.261 g
(1 equiv, 1.6 mmol) of N-phenethyl-N′-methylcarbodiimide, and
23.1 mg of (RAC)-BINOL-Ti(IV) initiator. Yield = 0.65 g (85%);
21[α]589 = −156°, Mn = 20 150 Da. 1H NMR (500 MHz, CDCl3,
δ ppm): 7.91, 7.90, 7.51, 7.47, 7.36 (br, overlapped, Ar−H), 4.98, 4.59
(br, methine H, C−H), 3.25, 2.74 (br, overlapped, N−CH3 and
N−CH2), 1.81, 1.64, 1.30, 0.90, 0.12 (br, overlapped, CH2 and CH3,
alkanes). 13C NMR (126 MHz, CDCl3, δ ppm): 152.84 (C−NN),
147.77 (imine CN), 129.52, 128.78, 127.99, 126.21, 122.89, 122.50
(Ar CC), 34.72 (amine N−CH3), 31.46, 26.69, 22.24, 14.18
(alkanes, CH2 and CH3).

Molecular Dynamic Simulation Methods. All simulations were
run using the NAMD software package29 with the following parameter
choices: temperature 293 K enforced with a Langevin thermostat with
damping parameter 1.0 ps−1; cutoff distance 12 Å for the van der
Waals interactions and the changeover from real space to reciprocal
space for the electrostatic interactions; time step 0.5 fs; particle mesh
Ewald (PME) grid spacing of 1 Å. For the vacuum simulations, peri-
odic boundary conditions were not used, and therefore PME was not
needed.

In addition, in all simulations, a weak harmonic constraint, with
force constant 0.25 kcal mol−1 Å−2, was applied to the y and z coor-
dinates of the carbon and nitrogen atoms of the polymer backbone
(namely one carbon and one nitrogen atom per monomer) in order to
keep the backbone aligned with the x-axis. This constraint was used
primarily to facilitate analysis; simulations run without the constraint
showed only minor deviations of the polymer backbone from a straight
line.

The MD simulations used a fully atomistic force field as follows.
First, all force field parameters except those for chloroform were
obtained from CGenFF30,31 using the online server at https://cgenff.
paramchem.org. Second, the azobenzene parameters were modified32

and further modified as described in Figure S11.33 Last, the chloroform
parameters of ref 33 were used; the van der Waals cross-interactions
for this chloroform model do not follow the Lorentz−Berthelot
combination rules and instead are implemented using the “nbfix”
command.
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All production simulations were run for 50 ns, corresponding to
1 × 108 time steps. The vacuum simulations consisted of one 80-mer,
which has 3612 atoms. The chloroform simulations consisted of one
80-mer and roughly 2100 chloroform molecules for a total of roughly
14 000 atoms (the exact number varied from system to system). For
the chloroform simulations, periodic boundary conditions were used.
Each system in Table 1 was run for at least 2 × 108 time steps prior to

the production run. For the systems in panel B of Figure 4,
corresponding to the E-H states of Table 1, the initial condition was
taken from the production run of the opposite cis/trans conformation
and instantaneously switched to the correct conformation using
the appropriate single-minimum torsion potential of Figure S11.
Once the correct conformation is obtained, it makes no difference
whether the torsion potential is left as is (namely as the appropriate
single-minimum curve of Figure S11) or changed back to the double-
minimum curve (labeled “original” is Figure S11). In each simula-
tion, all 80 monomers of the 80-mer have the same cis/trans
conformation.
The last column of Table 1 is calculated as follows. The default

solvent accessible surface area (SASA) algorithm implemented in
VMD is used to compute the SASA of the 80-mer.34 Then this value is
divided by the 80-mer average length (Table 1). Since the surface area
of a cylinder is πdL with d the diameter and L the length, the SASA/
length value can be interpreted as the circumference (πd) of the poly-
mer cross section.
The total rotation angle of Table 1 is calculated according to

∑ ∑ θΔ − − −
= =

i j i j
1
4

(4( 1) , 4 )
j i0

3

2

20

In this formula, the sum of the rotation angles Δθ between monomers
i and i + 4 is computed for the 80-mer and averaged over the four
different j values, with each j value corresponding to a different color in
Figure 3. Since the polymer backbone lies on the x-axis, we compute
Δθ(a,b) between monomers a and b as follows. The y and z coor-
dinate values of the first azobenzene carbon atom (in terms of the bonds
connecting the azobenzene unit to the polymer backbone) are used to
compute the angles θ(a) = tan−1(za/ya) and θ(b) = tan−1(zb/yb). Then
Δθ(a,b) = θ(b) − θ(a).
Density Functional Calculations. To corroborate experimental

IR spectra and conformational results from MD simulations, we
carried out density functional theory (DFT) calculations on eight
model octamers. For each cis or trans state, we chose four different
octameric fragments from an 80-mer conformation of the MD simu-
lation. The hexyl chains were then shorted to ethyl and appropriate
terminal groups (−OCH3 and −H) added. Geometry optimization
and IR spectra calculations were then carried out at the B3LYP/6-31G
level of theory, using the Gaussian 09 software package.35 Implicit
solvation was applied by the integral equation formalism polarizable
continuum model (IEFPCM)36 for chloroform. The IR spectra were
generated using a scaling factor of 0.975.

UV−Vis Experiment. 4.1 mg of (S)-P-1, P-2, and P-3 was
dissolved in 50.0 mL of CHCl3. The UV−vis spectra were recorded
after 10 min of irradiation with a UV 365 nm source.

SOR Experiment. 2.0 mg/mL solutions of both (S)- and (R)-P-1
were prepared, and SOR was measured at λ = 589 nm upon UV
irradiation for 1 h. Then, the samples were annealed at 40 °C, and
SOR was recorded again until it showed a constant value.

TM-AFM Imaging. 4.0 mg/mL solutions were prepared for P-1,
P-2, and P-3 polymers in C2H2Cl4 (1,1,2,2-tetrachloroethane), and
two sets of samples were drop-casted on silicon wafer separately. Then
one set of samples was exposed to UV 365 nm radiation for 18 h. Thin
film morphology was studied by TM-AFM.

Solid-State FTIR Studies. For the FTIR studies, 10.0 mg of (S)-P-1
was used. Differential scanning calorimetry (DSC) was performed on a
Mettler Toledo DSC-1 using a temperature range from −20 to 160 °C at
a rate of 10 °C/min and also from −20 to 200 °C at a rate of 10 °C/min,
interrupting the run at multiple temperatures (i.e., −25, 10, 20, 40, 60,
and 80 °C). The samples were then immediately tested on a Shimadzu
IRAffinity-1 Fourier transform infrared (FTIR) spectrometer using the
Pike MIRacle attenuated total reflectance (ATR) attachment. Poly(N-
phenyl-N′-hexylcarbodiimide) was used as a control.

■ DISCUSSION
Incorporation of different functionalities into helical backbones
has become a powerful tool in the synthesis of functional, heli-
cal polymers. The enhanced diversity through incorporation of
modifiable groups in this unique polymeric architecture leads to
intriguing properties.37,38 Polycarbodiimides are helical poly-
mers composed of a nitrogen-rich, rigid-amidine backbone
along with two tunable pendant groups. In our previous work,
we investigated the chiroptical switching behavior of poly-
carbodiimides which have been decorated with anthracene and
naphthylarene pendants in a regioregular fashion to yield
poly(N-anthracene-N′-octadecyl)carbodiimides (PAOD) and
poly(N-naphthyl-N′-octadecylcarbodiimides) (PNOC), respec-
tively.16,39 The IR spectra of PNOC in various solvents show
variations of two distinct imine stretching modes at 1621 and
1640 cm−1 providing evidence for the switching behavior of the
helical backbone. As the specific optical rotation increases
depending on the solvent employed, we observed variations in
the intensity of these two modes with simultaneous variations
detected upon changing the temperature of PNOC solutions
in THF. This suggested that the chiroptical switching pro-
cess is caused by changes in the populations of two distinct
conformations.
In this work, we report the synthesis of polycarbodiimides

which are decorated with azobenzene photochromic groups at
the imine positions. These azobenzene derivatives are prom-
ising candidates for molecular switches as the conformational
changes are reversible. To explore the feasibility of chiroptical
switching behavior, azobenzene appended helical polycarbodii-
mides have been synthesized by using an achiral monomer of
N-(1,2-diphenyldiazene)-N′-hexylcarbodiimide (M-1) (Schemes 1
and 2). Through the reversible coordination−insertion poly-
merization mechanism with chiral (R)- and (S)-BINOL-Ti(IV)
initiators, excess helical sense polymers were obtained
exhibiting SOR values at +290° for (R)-screw sense and
−289° for (S)-screw sense of P-1, respectively.
We have also utilized racemic (RAC)-BINOL-Ti(IV) initi-

ator to synthesize azo-decorated polycarbodiimide, and the
screw sense has been induced via the sergeants-and-soldiers
effect.40 To validate the screw sense, 10 mol % of the chiral
stimulant of (R)-N-methyl-N′-phenethylcarbodiimide (M-2)
was used. The main reason for synthesis of P-2 and P-3 is
incorporation of handedness into the polymer system with a

Table 1. Summary of the MD Simulations Performed for the
80-mer under Different Conditionsa

cis/trans

initial
length of
the 80-mer environment

end-to-end
length
(nm)

total
rotation
(deg)

SASA/
length
(nm)

A trans long vacuum 16.8 +72 13.1
B cis short vacuum 14.4 −436 10.3
C trans long CHCl3 17.0 +72 13.5
D cis short CHCl3 14.6 −336 10.6
E (from B) trans short vacuum 16.8 +79 13.1
F (from A) cis long vacuum 14.3 −470 10.3
G (from D) trans short CHCl3 16.8 +36 13.6
H (from C) cis long CHCl3 16.9 +47 10.6
aEach simulation was run for 50 ns. The reported data is the average
over the stable portion of the run (Figure 4).
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chiral stimulant which possesses an asymmetric center. We
investigated the change of P-2 and P-3 polymer helicity as a
result of isomerization of azobenzene pendants with the
random distribution of M-2 throughout the polymer backbone.
During the polymerization, a small amount of chiral stimulant
biases the helicity of the polymer which is evident from VCD
(Figure S12) and SOR data. The initial SOR for the (R)-N-
methyl-N′-phenethylcarbodiimide monomer was +48°, and the
resulting polymers P-2 and P-3 showed oppositely signed SOR
of −113° and −156°, respectively. Thus, it is conclusive that
the polymer helicity is governed by the helical backbone.41 The
homopolymer synthesized from (R)-N-methyl-N′-phenethyl-
carbodiimide monomer does not show any changes in SOR
values upon UV-illumination or heating; thus, it is conclusive
that changes in SOR values are solely due to dynamic isomeri-
zation of azobenzene pendants.
We attempted to induce configurational changes in the

azobenzene moiety through the irradiation of polymer samples

by using UV 365 nm. Photoisomerization can be induced by
elevating the isomers to electronically excited states with return
to the ground state through nonradiative decay. Although
trans−cis isomerization of azo derivatives has been studied
extensively, its precise pathway is still unclear and requires
further clarification (Figure S13).42−46

First, we have irradiated the polymer solution with 365 nm
UV light. The UV spectrum of azobenzene derivatives displays
two characteristic absorption bands that correspond to π−π*
(more intense band to n−π*) transitions. We believe that the
azobenzene scaffolds attached to the polymer backbone initially
exist predominantly as trans isomers.36 Upon irradiation with
365 nm UV light, a 360 nm peak which was observed at room
temperature shifted to a shorter wavelength of 348 nm, and the
intensity has been decreased due to a hypsochromic effect
(blue-shift) (Figure 1). The electronic n−π* transition is only
allowed in cis isomers, and the characteristic band at 448 nm is
indicative of the formation of the cis isomer upon UV irradiation.

Scheme 2. Synthesis of Azo-Decorated Polycarbodiimides

Scheme 1. Synthesis of Urea and Its Respective Carbodiimide Monomer
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To clarify the azobenzene pendant group isomerization effect
on the polycarbodiimide backbone chirality, we have inves-
tigated the behavior of the P-1, P-2, and P-3 polymers when
illuminated with UV 365 nm light and subsequently exposed to
visible light. The polymer samples were irradiated with 365 nm
UV light, and SOR was recorded at 10 min intervals within a
1 h period. Interestingly, the SOR is linearly dependent and
increasing with time; upon heating to 40 °C, it returns to the
initial SOR value in a linear fashion (Figure 2). To check the
reversibility, we performed simultaneous UV illumination and
heating cycles, and the data clearly show that the change of
SOR was reversible (Figures S14A,B). Racemization is also
possible upon heating, but it seems unlikely that this would
cause a change of SOR by 200° within 2 h with the temperature
as low as 40 °C.
Nunzi and co-workers have reported the interesting phenom-

enon associated with azo-polymers, i.e., photoinduced mass
movement.47 These photoinduced movements of azopolymers
have been explained by various theories and models including a
diffusion model based on random walk motion,47 thermodiffu-
sion model,48,49 and fluid mechanics model,50 to name a few.
Interestingly, reconfigurable azo-pendants act as a molecular
machine with the polymer material mass migration being driven
by the isomerization process.51 The isomerization of the azo-
pendant groups can induce spring-like contraction and expan-
sion movements. We believe that such UV-triggered reconfigu-
rations generate a photoisomerization force which imparts
changes to the helical backbone. Indeed, the Stupp lab ascribed

the change of the helical pitch of nanofibers exposed to UV
light to the isomerization process.52 Specifically, in the study
from the Stupp lab the cis isomer possesses less planarity than
the corresponding trans isomer, increasing sterically induced
torque on the backbone which leads to a low chiral pitch.
Similarly, azobenzene decorated polycarbodiimides show
configurational changes under UV illumination consistent
with expansion−contraction motion of the helical backbone.
This would bias the change of the helical pitch which is inferred
from SOR data. However, the effect of the azobenzene pendant
group isomerization appears to be insufficient to change the
helicity of the backbone (helical inversion).

Molecular Dynamics Simulations. In order to gain a
molecular-level picture of the effect of the azobenzene isomeri-
zation on the properties of the carbodiimide polymer, eight dif-
ferent systems were prepared and studied using fully atomistic
molecular dynamics (MD) computer simulations. Each system,
summarized in Table 1, consisted of one 80-mer under different
conditions (A−H states). In each system, all 80 monomers had
the same (cis or trans) conformation. The isomerization was
performed instantaneously by changing the C−N−N−C
torsional potential as described in the Methods section. We
found a clear and dramatic difference in the polymer properties
of the cis and trans conformations, independent of the other
factors considered. Specifically, the cis isomer has a highly
helical arrangement of the azobenzene pendant groups, a
shorter end-to-end length, and a more compact cross section
(short state). These differences are clearly seen in the

Figure 1. Overall UV−vis spectra for P-1 with and without UV irradiation: prior to irradiation (green), after UV irradiation (purple), and removal of
the source (blue). Also shown is the magnified area in the range 425−525 nm.

Figure 2. Change of SOR during the first cycle for (S)-P-1 (left) and (R)-P-1 (right) upon illumination with UV light and after removal of the light
source. Note: each single data point represents the average of three consecutive readings.
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simulation snapshots of panels A and B of Figure 3. These
differences are independent of the environment (vacuum or

chloroform solvent) as shown in panel A of Figure 4 for the
A−D states of Table 1.
Moreover, if we instantaneously change the isomer states for

the A−D systems to throw them out of equilibrium, three of
the four systems quickly recover (E, F, and G). For example, if
we take the cis isomer in chloroform (blue curve in panel A of
Figure 4) and change to the trans isomer (green curve in panel B
of Figure 4), the polymer backbone elongates, becomes less
helical in terms of the arrangement of the azobenzene pendant
groups, and increases in cross section over a time scale of tens
of nanoseconds. The only exception was the switch from trans to
cis in chloroform, as shown in panel C of Figure 3 corresponding

to the H state of Table 1, which does not recover to the stable
cis state on the nanosecond time scale of the MD simulation.
We hypothesize that there is a kinetic trap preventing the
recovery and would expect the recovery to occur on a longer
time scale.
By combining SOR data and MD simulation studies, we can

infer that upon UV illumination azobenzene pendants are
confined into the cis configuration which induces a highly
helical arrangement (Figure 3, state B-contracted helical),
whereas the removal of the UV source causes the polymer back-
bone to elongate and become less helical (state A-elongated
helical). The helicity of the polymer scaffold is more pro-
nounced with azobenzene in its cis configuration (state B);
thus, the polymer possesses a higher magnitude of SOR.

IR Studies. For this study, the polymer was melted by
heating up to 160 °C, and the FTIR spectra were recorded
while cooling and during a second heating cycle. Under thermal
annealing conditions, we mainly focus on three important regions
in the FTIR spectrum which is associated with 1100−1250 cm−1

(C−N stretch), around 1400 cm−1 (NN stretches), and
1620−1680 cm−1 which corresponds to the imine (CN
stretches) (Figure 5A, Figures S17−S20). To make a better
comparison, we utilized DFT calculated IR spectra to
distinguish the main changes for the cis isomer. Using DFT,
we computed the IR spectra of eight model octamers whose
initial structures were based on the fragments of the 80-mer
MD structures (Figure 3A,B, Figures S15 and S16). The calcu-
lated IR spectra (Figure 5B) agree well with the experimental
data, and the DFT normal modes mostly support peak assign-
ments of the experimental FTIR spectra. Particularly, CN
stretches are found from 1590 to 1700 cm−1, NN stretches
are at 1400−1480 cm−1, and C−N and Caromatic−N stretches
are from 1100 to 1400 cm−1. Distinct differences between the
cis and trans spectra are observed in the following areas which
match the experimental results.
First, as temperature increases, a new peak is observed at

1678 cm−1 which corresponds to CN imine stretch. This
peak appears due to changes in the polymer backbone.

Figure 3. Representative snapshots from the MD simulations for the
80-mer (panel A) in the trans configuration and (panel B) in the cis
configuration. Panel C shows the cis configuration in chloroform
initiated from the “long” length which corresponds to the H state of
Table 1. Monomers spaced four apart (i, i + 4) are given the same
color.

Figure 4. End-to-end length of the 80-mer over a 50 ns MD
simulation under different conditions. In panel A, all of the systems are
at equilibrium and correspond to the A−D states of Table 1. In panel B,
all of the systems are initiated from the “wrong” length (by instan-
taneously changing the isomer state at the end of each A−D system
simulation) and correspond to the E−H states of Table 1; the
data reported in Table 1 are for the stable (plateau) region of each
data set.
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Interestingly, the intensity of the peak at 1678 cm−1 decreases
while the band at 1636 cm−1 increases with increasing tem-
perature. DFT computed IR spectra also showed a new peak at
1660 cm−1 for the cis isomer which validates the configurational
changes. The same experiment was performed on poly(N-
phenyl-N′-hexylcarbodiimide) as a control; the FTIR spectra
did not show any significant changes in the imine region
(Figure S21). Therefore, we believe that the reconfiguration of
the azo bond (NN) appended to the helical backbone
induces changes in the polymer main chain geometry upon
thermal annealing.
Second, the peak ascribed to the NN (azo bond) originally

at 1398 cm−1 shifts to 1420 cm−1. This peak at a higher
stretching frequency may be related to the dipole moment
generated in the cis isomer. In the DFT model, the NN
stretch modes were identified at 1402 cm−1 for the trans isomer
and shifted to a higher frequency of 1477 cm−1 for the cis
isomer. This shift is consistent with the experimental obser-
vations though with some discrepancy for the peak positions of
the cis isomer.
Furthermore, a peak at 1170 cm−1 is present only in the trans

isomer spectra obtained from DFT modeling, and the normal
mode of this peak indicates stretching along the linear
benzene−NN−benzene motif, which is absent in the cis
state. On the experimental FTIR spectra, a peak at 1170 cm−1 is
also dominant for the trans state. In summary, DFT calculations
corroborated the experimental and MD simulation results on
the cis−trans conformational changes.

Polymer Thin Film Topology Studies by Using
TM-AFM. The polymer topology in a thin film has been
inspected by using TM-AFM to reveal photoinduced surface
deformation under UV light. This phenomenon takes place due
to mass movement of the polymer scaffolds which is fueled by
dynamic photoisomerization of the azobenzene chromophore.
The phenomenology of photomigration was witnessed from
experimental work that azopolymers display photofluidic
motions upon isomerization process.51,53,54 The contraction−
expansion helical movements are attributed to the 3-dimen-
tional space translational motions which lead to changes in the
position of polymeric chains. We have investigated the topology
of polymer thin films both in C2H2Cl4 (1,1,2,2-tetrachloro-
ethane) (Figure S22A) and CHCl3 solvents (Figure S22B).
We believe that these changes in polymer roughness occur due
to a photomigration effect. The surface smoothing effect
observed for both P-1 and P-2 is probably associated with this
phenomenon due to the more isotropic shape of the cis
configuration. In P-3, when casting from C2H2Cl4, surface
smoothing was unremarkable due to the high content of chiral
monomer in random copolymer structure. When CHCl3 was
used, irregularly shaped aggregations were found under UV
illumination, and there are no significant changes in surface
properties. In general, SEM observations (Figure S23) support
the AFM findings showing smoothing of the surface of the
polymer after exposure to UV light.

Lyotropic Liquid Crystalline Behavior. Azobenzene con-
jugated molecules can undergo liquid crystalline phase tran-
sitions under UV illumination.55−57 Specifically, the trans to cis
isomerization due to UV light changes the azobenzene
configuration into a bent shape and this nonmesogenic nature
interrupts the liquid crystalline order.5 Moreover, liquid
crystalline materials can be doped with photoresponsive com-
pounds, and phase transitions can occur because of changes in
helical pitch.58 This contributes to alterations of its chirality
through the manipulation of cholesteric pitch. By keeping in
mind these previously reported liquid crystalline behaviors of
azobenzene-decorated materials, we have investigated liquid
crystalline properties of (S) family of 12.3% (w/w) of P-1, P-2,
and P-3 in chloroform.59,60 We have observed that prior to UV
illumination, all three polymers showed nematic liquid crys-
talline domains whereas the ordered liquid crystalline phase was
disrupted upon the triggering event (Figure S24). These
changes occurred due to the formation of the nonmesogenic,
bent-shaped cis isomer under UV illumination.5,19 Thus, the
incorporation of rod-like trans-azobenzene pendants into
polycarbodiimides causes liquid crystalline behavior, whereas
the induced bent-shaped cis configuration disrupts the packing
tendency.61,62 Further, these POM findings complement our
AFM and SEM data showing enhance structural uniformity and
smoothness of the surface upon UV irradiation of the polymer
material.

■ CONCLUSIONS
Azobenzene-decorated polycarbodiimides have been synthe-
sized via screw sense polymerization with chiral BINOL initia-
tors and chiral stimulant through the sergeants-and-soldiers
effect. The isomerization of the azobenzene chromophore
appended on the helical backbone takes place under illumi-
nation with UV 365 nm light in solution. Fully atomistic molec-
ular dynamics computer simulations together with chiral studies
demonstrate that these polymers display spring-like expansion−
contraction motion under UV irradiation. In the solid state,

Figure 5. (a) FTIR spectra for P-1 under thermal annealing. (b) DFT
calculated IR spectra for cis and trans octamers. Each spectrum is an
average of the spectra of the four conformations for each state.
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FTIR experiments revealed that changes in the helical backbone
occurred as a result of the isomerization process upon thermal
annealing at 120 °C, and the IR spectra computed from DFT
calculations displayed good agreement for trans−cis isomer-
ization. Phenomenologically, we demonstrated for the first time
that photoisomerization and the closely related process of
photomigration of azobenzene-decorated polycarbodiimide
scaffolds may change the thin film surface roughness as
evidenced by a combination of AFM, SEM, and POM tech-
niques. This type of reconfigurable polymeric molecular switch
can advance many areas of applied research, which may result
in the emergence of unique polymeric materials including chiral
sensors, drug delivery systems, photovoltaics, and optical
tweezers.
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