Received: 3 May 2022

Revised: 13 August 2022

W) Check for updates

Accepted: 23 August 2022

DOI: 10.1002/app.53138

RESEARCH ARTICLE

Applied Polymer WILEY

E/Z reversible photoisomerization of methyl orange doped
polyacrylic acid-based polyelectrolyte brush films

Qais M. Al-Bataineh**
Areen A. Bani-Salameh 3

!Leibniz Institut fiir Analytische
Wissenschaften-ISAS-e.V., Dortmund,
Germany

*Experimental Physics, TU Dortmund
University, Dortmund, Germany

*Department of Physics, Jordan University
of Science & Technology, Irbid, Jordan

“*Nanotechnology Center, The University
of Jordan, Amman, Jordan

*Hamdi Mango Center for Scientific
Research, The University of Jordan,
Amman, Jordan

Correspondence

Ahmad D. Telfah, Leibniz Institut fiir
Analytische Wissenschaften-ISAS-e.V.,
Bunsen-Kirchhoff-Strafie 11, 44139
Dortmund, Germany.

Email: telfah.ahmad@isas.de

Funding information
Bundesministerium fiir Bildung und
Forschung; Senatsverwaltung fiir
Wirtschaft, Technologie und Forschung
des Landes Berlin; Ministerium fiir
Innovation, Wissenschaft und Forschung
des Landes Nordrhein-Westfalen

Ahmad A. Ahmad? |
Roland Hergenrdder"

Ahmad D. Telfah'* |
Rund Abu-Zurayk*’® |

Abstract

The photoswitching behavior of the polyacrylic acid (PAA) doped by methyl
orange (MO) brush film was investigated using spectral analysis of UV-Vis
absorbance, Fourier Transformation Infrared spectroscopy, 2D electrical con-
ductivity mapping and Atomic Force Microscopy. The kinetics and time evolu-
tion of the photoisomerization of the PAA-MO PEBs film from E-state to
Z-state by UV-light irradiation, and reverse thermal relaxation to E-state was
explored. The results confirm that the photoisomerization kinetics of the over-
all peak is the superposition of the photoisomerization kinetics of S,(nn*) tran-
sition, low- and high-frequency of the S;(nn*) transition bands. The E-Z
transformation led to transforming the azobenzene from flat with no dipole
moment to 3.0 D dipole moment. Hence, the electrical conductivity escalated
accordingly. The transformation of E-state to Z-state led to the collapse of the
formed brushes because of the angular rotational momentum consequent to

E-Z isomerization.
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1 | INTRODUCTION

Polyelectrolytes brushes (PEBs) are charged polymers
deposited as a brush-like structure on a substrate used in
many applications, such as intelligent actuators, protein
refinement, drug delivery, and bioelectronic devices.'™
Many parameters affect the swelling behavior of PEBs,
such as temperature,” electric field,’ pH,” or photoirradia-
tion frequency.® Polyacrylic acid (PAA) is an active PEBs

that changes its structures, charges, and hydrophilicity
due to electrostatic properties. PAA PEBs induce the
polymer chains' conformational stretching by electro-
static repulsion of the negatively charged COO™ groups,
and consequently, converting the hydrophobic behavior
of the PAA PEBs into hydrophilic behavior.’

Photoswitch molecules are transformed from one geo-
metric form to another by exposing their molecules to
light. Azobenzene and its derivatives are the main
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FIGURE 1 Schematic diagram of the photoisomerization

process of azobenzene. [Color figure can be viewed at
wileyonlinelibrary.com]

photoswitch molecules composed of organic molecules in
the ring shapes connected by the conjugated azo group
(—N=N—). Azobenzene derivatives are used in many
applications, such as intelligent actuators, photochromic
molecular switches, molecular solar thermal energy stor-
age media, and targeted activation or release of
drugs.'*'® In addition, azobenzene and its derivatives
can change the chemical group connecting with the aro-
matic rings to get a new geometry, which leads to chang-
ing the donation/withdrawing for electron
distribution.'”'® For most azobenzene derivatives, the
initial state is the E-state since it is more stable than the
Z-state at room temperature (Figure 1)."® The E-Z isom-
erization occurs by exposing the azobenzene derivatives
to UV-irradiation, while the Z-E reverse isomerization
occurs by thermal relaxation.*

Introducing azobenzene to polymer chains gained sci-
entists’ attention because azobenzene correlates with the
polymer chains, which leads to a change in the mechani-
cal response to light.*! This work investigates the photo-
switching kinetics of the polyelectrolyte brush films of
polyacrylic acid (PAA) doped with methyl orange (MO)
from E-state to Z-state by UV-light irradiation, and back
reverse thermal relaxation to E-state . The time evolution
of the photoisomerization and reverse thermal relaxation
isomerization was studied using a novel model to under-
stand the variation of the absorbance spectra and the
electrical conductivity of the PAA-MO PEBs film. In
addition, the chemical and morphological properties for
the E- and Z-state of the PAA-MO PEBs film was studied.

2 | EXPERIMENTAL DETAILS

Polyacrylic acid (PAA, [C3H40,],; M,, = 1800 g/mol),
methyl orange (MO, C14H14N5NaOsS; My, = 327.33 g/mol),
and sodium hydroxide (NaOH; M, = 40.00 g/mol) were
purchased from Sigma-Aldrich. An amount of 1 g PAA

powder was dissolved in 100 mL water using a continuous
stirrer at 80°C for 4 h. afterward, the sample was sonicated
for 2 h at 80°C and then 0.1 g of MO powder was added
under stirring for 2 h at room temperature (RT). A Stock
solution of NaOH was prepared with distilled water (DW)
in 0.2 M solution for calibrating the acidity (pH) of PAA-
MO/water solution. Finally, the pH of the PAA-MO/water
solution was calibrated to 7. PAA-MO film was deposited
on a glass substrate using casting technique by “grafting-to”
method by non-covalent interactions*’. The film was dried
from the solvent at 40°C in vacuum oven under full atmo-
spheric pressure of nitrogen overnight, the film thickness
deduced from the cross-sectional SEM micrograph was
about 250 nm.

PAA-MO PEB:s film was irradiated by a UV-light (area:
432 x 356 mm) source with 366 nm wavelength and 15 W
of power (<100 pW/mm?) for 0, 1, 2, 3, and 4 minutes.
The absorbance spectra, the electrical conductivity, and
the conductivity mapping were measured versus UV-
irradiation exposure time using UV-Vis spectrophotome-
ter (U-3900H) and 4-point probe (Microworld Inc.)
equipped with a high-resolution multimeter (Keithley
2450 Sourcemeter). UV-irradiation was used to transfer
the system from E-state to Z-state while the reversible pro-
cess transformation from Z-state to E-state was performed
by thermal relaxation process at 343, 333, 323, and 313 K
for exposure time of 0, 1, 2, 3, and 4 minutes. The chemical
and morphological structure of PAA-MO PEBs film was
characterized using Fourier transform infrared spectros-
copy (FTIR) (Bruker Tensor 27 spectrometer) and Atomic
force microscope (AFM) (SPM SmartSPM™-1000).

3 | RESULTS AND DISCUSSION

3.1 | Absorbance spectral analysis

The Figure 2a shows the absorbance spectra of the PAA-
MO PEBs film exposed to UV-irradiation for different
times. The absorbance spectra PAA-MO PEBs film before
being exposed to the UV-irradiation (black line) exhibits
two bands at 352 nm and 420 nm represents S, (nx*) tran-
sition, and S,(nn*) transition, respectively.>> The magni-
tude of the two absorbance peaks were decreased after
being irradiated with UV-light, determining the Z-E
transformation. Moreover, the Z-E transformation of
PAA-MO leads to a shift toward the red region. The shifts
in S;(nn*) transition band were more pronounced
compared to the shift happening in the S,(nr*) transition
band (Figure 2b). There are no changes in the absorbance
spectra after 4 minutes of UV-irradiation, emphasizing
that a quasi-state of the photostationary phase occurs
between E- and Z-states.”*
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[Color figure can be viewed at wileyonlinelibrary.com]
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(a) Absorbance spectra and (b) the wavelength shifts of PAA-MO PEBs film after UV-irradiation of 0, 1, 2, 3, and 4 minutes.
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FIGURE 3 The de-convoluted of the absorbance band by fitting the spectra to three Gaussian peaks of the PEO-MO PEBs film by

UV-irradiation times of 0, 1, 2, 3 and 4 minutes. [Color figure can be viewed at wileyonlinelibrary.com]

The S (nz*) transition band shows more than a single
frequency band; since, the absorbance maxima do not
decrease simply with increasing UV-irradiation time
(Figure 2a). If the S;(nn*) transition band was a single
band, then the UV-irradiation should decrease the
amplitude and increase the linewidth of the band.

Therefore, the S; (nx*) transition bands upon UV-irradia-
tion were most properly de-convoluted by fitting the
absorbance envelope for two frequency bands. The spec-
tral analysis of the S,(nn*) transition, low- and high-fre-
quency sides of the S;(nz*) transition bands of the PAA-
MO PEBs film upon UV-irradiation are shown in
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Figure 3. The S1 absorbance band was de-convoluted by
fitting the spectral envelope to three Gaussian peaks. The
fitting converged with R* of about 0.99. De-convoluted
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FIGURE 4 The kinetic constants for E-Z photoisomerization
for overall absorbance peaks, low-frequency band of the S; (nz*),
high-frequency band of the S, (nn*), and S, (nxn*) band. [Color figure
can be viewed at wileyonlinelibrary.com]|

was tested by fitting the absorbance band to Lorentzian,
bi-Gaussian, and Voigt functions, but the fitting converge
was poorer compared to the fitting to Gaussian function.
Before fitting, the baseline was corrected according to the
algorithm described in Reference 25.

The absorbance peaks exhibit three bands; S,(nr*)
transition, high- and low-frequency sides of the S;(nn*)
transition bands with maxima of 354nm, 421 nm, and
467 nm, with linewidths of 14nm, 50nm, and 62nm,
respectively. The change in the overall absorbance peak
with the UV-irradiation times was deduced from the
superposition of the three Gaussian functions. Moreover,
the three frequency bands experienced a red-shift (batho-
chromic) upon UV-irradiation. This indicates that MO is
playing a gradual role of an H-bond donor, and conse-
quently decreasing the energy bands in the S,(nn*) < S
and S, (nx*) + S, transitions.”® Moreover, the continuous
bathochromic shifts of the low-frequency band of the
Si(nm*) transition confirms the presence of the two dis-
tinct equilibria at configurations of hydrogen-bonding
networks along between MO and PAA during the
photoisomerization.*”

The photoisomerization kinetics of the overall peak
for PAA-MO PEB:s film is the superposition of the photoi-
somerization kinetics of S,(nn*) transition, low- and
high-frequency sides of the S;(nn*) transition bands, so
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FIGURE 5
(d) 313 K. [Color figure can be viewed at wileyonlinelibrary.com]
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Time evolution for absorbance spectra of Z-state of PAA-MO PEBs film at temperatures (a) 343 K, (b) 333 K, (c) 323 K, and
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the photoisomerization process is a combination of inter-
molecular and dipole-dipole interactions. The first-order
kinetics was used to calculate the photoisomerization rate
constant (p), according to In(A; —As/Ao—Aw)=—pt,
where: A;, is the absorbance at each UV-irradiation
time, A, is the long UV-irradiation time, and A, is the
initial state (E-state). Plotting the values of
In(A; — Aw /Ao — As) of overall absorbance peak, S, (")
transition, low- and high-frequency sides of the S;(nn*)
transition bands for PAA-MO PEBs film versus the UV-
irradiation time (t) yields the photoisomerization rate
constant (p) by fitting the linear relation (Figure 4). The
value of p for the overall peak was 0.0058 s ', while the p
value for S,(nn*) transition, low- and high-frequency
sides of the S;(nrn*) transition bands were 0.0037, 0.0041,
and 0.0068s ', respectively. These results confirm that
the photoisomerization kinetics of the overall peak for
PAA-MO PEBs film is the superposition of the photoi-
somerization kinetics of S,(nzn*) transition, low- and
high-frequency of the S;(nz*) transition bands. More-
over, the time needed to transfer half E-state to Z-state is
given by 7;/, = In2/p. The 7/, of the photoisomerization
of the PAA-MO PEBs is 1.99 minutes.

'8.0 T T T T
82+ 4
84+ 4
S
8
86} 4
In (p) = -3006.8/T + 0.7013
2_
sl R*=0.97 1
]
_90 1 1 1 1
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FIGURE 6 Arrhenius plot of the isomerization relaxation of

PAA-MO PEBs film from E- to Z-state after being transformed from
Z- to E-state by UV-irradiation. [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1

Applied Polymer_wiLEy-L

Figure 5 shows the absorbance spectra for the Z-state
of PAA-MO PEBs film at temperatures of 343, 333, 323,
and 313 K and for different thermal relaxation times. The
magnitudes of S(nn*) and S; (nn*) transition bands were
increased with increasing the thermal relaxation time
and they experienced a blue-shift, which means batho-
chromic changes occur, consequently transforming more
Z-states to E-states continuously. The reverse thermal
isomerization rate can be calculated by plotting the
values of In(Ay, —A;/Asw —Ap) versus the thermal pro-
cess time through fitting the linear relation (the inset of
Figure 5). The values of p for the reverse isomerization at
343, 333, 323, and 313K are 0.0032, 0.0023, 0.0020, and
0.0013s ", respectively. It can be concluded that increas-
ing the temperature of the thermal relaxation leads to
an increase in the reverse isomerization rate. The activa-
tion energy (E;) of the thermal isomerization and the
Arrhenius constant (A) can be calculated using the
Arrhenius equation p=Aexp(—E,/RT), where: R is the
gas constant. Deduced activation energies value and the
Arrhenius constants are presented in (Figure 6 and
Table 1). Using the transition state theory, the standard
enthalpy of activation A*H°, the standard entropy of acti-
vation A*S°, the Gibbs free energy of activation A*G°,
and the quasi-equilibrium constant K are calculated
using the following equations (Table 1)**:

E,=A*H° 4+ RT, (1)

A= g exp (Aiso) , (2)
h R

A*GY = A*H — TA*SC, (3)

A*G® = —RTInK, (4)

where: e is the Euler number (2.718).

3.2 | Electrical conductivity

According to the H. Rau study,”® the E-Z transformation
increased the dipole moment from 0.0 to 3.0 D. Conse-
quently, the conductivity values increased with E-Z

The deduced thermodynamic parameters of the PAA-MO PEBs film which was exposed to reverse thermal transformation

from E- to Z-state after the first transformation by UV-irradiation from Z- to E-state.

Isomerization Arrhenius Enthalpy of
energy E, constant, isomerization
(10* J/m) In(A) A*H® (10* J/mol)
2.499 0.701 2.227

Entropy of

isomerization Gibbs free energy Equilibrium
A*S° (J/mol) A*G° (10° J/mol) constant K
—16.329 5.358 0.140
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transformation. Figure 7 shows the average conductivity
values for the PAA-MO PEBs film as a function of UV-
irradiation times. It can be seen that the average conduc-
tivity increased with increasing the UV-irradiation time.

T T T T T T T T T
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UV-irradiation time [min]

FIGURE 7 The electrical conductivity of PAA-MO PEBs film
as a function of UV-irradiation time

The conductivity mapping (1 cm x 1 cm) of PAA-MO
PEBs film at the initial state (E-state) (Figure 8a) shows
the significant variation of the conductivity across the
film due to the distribution and concentration of the E-
state to Z-state, the variation of the growth process of the
film, and the quality of the transfer process. Applied UV-
irradiation on the PAA-MO PEBs film leads to increased
Z-state continuously compared to E-state, which means
an increase in the conductivity across the film
(Figure 8b-e).

3.3 | Chemical and morphological
properties

The chemical structure of the PAA-MO PEB:s film in the
E- and Z-states was studied using FTIR spectra
(Figure 9). The absorption band at 1100 cm ™' attributed
to the stretching C—O bonds in the PAA, and the absorp-
tion peak at 1554 cm ™' represents the symmetric COO~
of carboxylate in PAA. The CH, and OH bonds in the
PAA appeared at 2929cm ' and 3200cm ', respec-
tively.”* Moreover, the S=O vibrational band in MO is at
1150 cm ™!, while C—N stretching vibrational band in MO
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FIGURE 8 The 2D electrical conductivity maps acquired on area (1 cm x 1 cm) of PAA-MO PEBs film at (a) initial state (E-state), and
after (b) 1, (c) 2, (d) 3, and (e) 4 minutes of UV-irradiationtimes. [Color figure can be viewed at wileyonlinelibrary.com]
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is at 1340cm '. The absorption band at 1390cm ' is
assigned to N=N vibrational band in MO. Finally, the
N—H stretching vibrational band is at 3360 cm™'.** The
FTIR spectra of E- and Z-states of the PAA-MO PEBs
films show identical vibrational bands with a little shift
in the N=N vibrational band, which indicates the Z-E
transformation around N=N bands.**

The morphological properties of the PAA-MO PEBs
film at E- and Z-states were investigated using AFM
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FIGURE 9 FTIR spectra of PAA film and PAA-MO PEBs film

at E- and Z-states. [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 10
at wileyonlinelibrary.com|
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measurements (Figure 10). At pH equal to 7, the COOH
for pure PAA PEB:s film transform to COO™ groups, this
leads to create swollen brushes (Figure 10a). The film in
E-state shows a stretching brush-like structure distributed
randomly in seperated islands (Figure 10b). Moreover,
transforming the film from E- to Z-state was led the
brush to collapse due to the angular rotational momen-
tum upon E-Z isomerization (Figure 10c).>' Finally, the
roughness in the E-state was decreased from 3nm to
2 nm when transforming from E- to Z-state.

4 | CONCLUSIONS

The absorbance band peaks exhibit three bands; S,(nr*)
transition, high- and low-frequency sides of the S;(nz*)
transition bands. The results confirm that the photoi-
somerization kinetics of the overall peak of PAA-MO
PEBs film is the superposition of the photoisomerization
kinetics of S,(nn*) transition, low- and high-frequency of
the S, (nz*) transition bands. The MO is playing a gradual
role of an H-bond donor, and consequently decreasing
the energy bands in the S;(nn*) — S, and S;(nn*) < Sp
transitions. The 2D electrical conductivity maps at E-state
shows the significant variation across the film. The elec-
trical conductivity increased after UV-irradiation which
is associated to the increase in the Z-state due to the
transformation from E- to Z-state. The transformation
from E-to Z-state was led to collaps the brush-like struc-
ture because of the angular rotational momentum upon
E-Z isomerization.

3D and 2D AFM images of (a) pure PAA, and PAA-MO PEBs film at (b) E-state and (c) Z-state. [Color figure can be viewed
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