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ABSTRACT: We report poly(diphenylamine) thin films with exceptional optical clarity (Tvis
≥ 0.80) and electrochromic solar modulating ability (ΔTsol ≥ 0.60). Electropolymerizing
diphenylamine in the presence of a polyanionic acid dopant is critical to achieving high
macroscale uniformity and smoothness, which minimizes optical scattering and maximizes
electrochromic response throughout the visible (>400 nm) and near-infrared (>700 nm)
spectral ranges. We then use combinations of near- and far-field spectroscopies and their
imaging modes to elucidate the roles of dopants in directing polymerization and resulting
chain conformational order. By comparing small molecule and polymeric sulfonic acid
dopants, we determine that the latter template poly(diphenylamine) polymerization to
achieve superior morphological characteristics responsible for high electrochromic contrast.
The results demonstrate the potential of these polymeric materials as active layers or
components in smart window applications.
KEYWORDS: electrochromic materials, smart windows, polydiphenylamine, ΔTsol, morphology, templated polymerization,
polystyrenesulfonic acid

Electrochromic windows have been recognized as a
potentially valuable means of reducing building energy

use associated with space heating/cooling by enabling on-
demand control of redox-dependent solar energy transmission
as so-called “smart windows”.1,2 The primary metric in
controlling solar energy admission through the window is the
solar transmittance contrast, ΔTsol, which is the difference
between the normalized solar transmittance values of the
window in its blocking or “colored” (low Tsol) and transparent
or “bleached” (high Tsol) states. Values of ΔTsol (a primary
component of window solar heat gain modulation, ΔSHGC) of
at least 0.5−0.6 are deemed critical for practical smart window
technologies1,3 and require substantial modulation of both
visible and near-infrared (NIR) transmittance in the electro-
chromic material(s). Current state-of-the-art electrochromic
smart windows typically utilize WO3 thin films and exhibit
overall ΔTsol values less than 0.4, although this device-level
value also includes transmittance losses through the entire
device stack.2 Such metal-oxide film devices also tend to be
expensive due to the use of vacuum-based deposition
processes, further limiting their extent of deployment and
impact on energy and climate concerns. It is therefore of great
interest for smart window applications to reduce the cost of the
electrochromic materials while increasing the ΔTsol for
continued advancement and widespread implementation.
Organic electrochromic films deposited using ambient

temperature, solution-based processes could potentially reduce
both materials and processing costs while relying less on

strategically critical minerals compared to existing technol-
ogy.4−7 However, conjugated polymers previously used for
electrochromic applications, such as polydialkoxythiophenes,
polypyrroles, or polyaniline (PANI), exhibit nonideal spectral
characteristics (i.e., inverted visible and NIR responses), often
preventing high ΔTsol values from being attained.4,5 In fact,
ΔTsol values are almost never reported for polymer electro-
chromic materials or devices with rare exceptions being several
studies describing devices in which PANI is integrated with
one or more complementary inorganic electrochromic
materials (see Table S1, Supporting Information).
Poly(diphenylamine) (PDPA), a p-type conjugated polyaryl-

amine with chemical structures similar to PANI, has a more
ideal redox potential window and improved vis−NIR
modulation ability,8−10 which makes it a strong candidate for
achieving high ΔTsol values if films can be deposited with high
optical clarity. Previous anodic electropolymerization studies of
PDPA typically involved halide or small molecule dopants10−12

that produce nonideal thin films in terms of thickness or
optical quality although ΔTsol values were not reported.7,9

Factors, such as insufficient polymerization during early stages
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of film growth, can lead to partial film dissolution and
delamination as well as hazing due to larger morphological
features and increased light scattering.
In the following, we show that electropolymerization using a

polymeric dopant, namely, poly(4-styrenesulfonic acid)
(PSSH), produces PDPA thin films of high optical quality, as
observed earlier with PANI.13,14 Examination of electro-
chromic properties on the laboratory scale with model devices
(see Scheme S1 in the Supporting Information for device
geometries studied) reveals exceptionally large ΔTsol values
(≥0.6) which, to our knowledge, are the largest recorded for
an all-polymer thin film. We then use new combinations of far-
and near-field spectroscopic and microscopic probes to
elucidate critical structure−property information underpinning
high electrochromic contrast by comparing PDPA thin films
polymerized with PSSH and related small molecule sulfonic
acid dopants. The results indicate that PSSH templates PDPA
polymerization favoring high intra- and interchain order and,
likewise, better thin film morphological characteristics. We
posit that refinements of electropolymerization and redox
cycling conditions (viz., electrolyte and solvents) could further
improve ΔTsol and long-term stability in full scale devices.
Figure 1 shows electrochromic switching contrast as changes

in percent transmittance for each PDPA sample measured in
an electrolyte containing 0.2 M LiClO4 dissolved in propylene
carbonate (PC). Cycling potentials between −0.1 and 0.95 V
access reduced and oxidized PDPA forms, and the ΔTsol values

are calculated by integrating the transmittance spectra
multiplied by the normalized AM1.5G solar spectrum (see
Figure S6, Supporting Information for details). Comparing
each variant, the PSSH doped sample (Figure 1a) shows the
largest electrochromic contrast with a ΔTsol of 0.61 enabled by
exceptional utilization of visible−NIR light, whereas the
methanesulfonic acid (MSH) and p-toluenesulfonic acid
(TSH) doped samples (Figure 1b,c) exhibit considerably
lower values of 0.37 and 0.24, respectively. Simple inspection
of transmittance spectra line shapes reveals improved spectral
coverage and significantly lower scattering contributions from
the PSSH doped sample. Scattering is most apparent within
the visible range, leading to significant differences in integrated
visible (luminous) transmittance (Tvis or Tlum), with a maximal
value of 0.8 reached for PSSH doping (see Figure S5,
Supporting Information). Generally, the films transition
between slightly green (colored) and slightly yellow
(bleached) color states (see Figures S1 and S2 and Scheme
S1, Supporting Information). The superior electrochromic
performance of PDPA:PSSH thin films originates from high
optical quality indicating favorable polymer−dopant inter-
actions and high chain ordering necessary for achieving high
electrochromic contrast.14 The measured broadband ΔTsol
value for PDPA:PSSH in Figure 1 is the highest reported to
date for a polymeric electrochromic film. Interestingly, such
values are commonly absent from the electrochromic polymer
literature, and instead, ΔT values are given only at the

Figure 1. (a−c) Spectro-electrochemical responses from each PDPA-dopant variant on ITO-glass: (a) PSSH, (b) MSH, and (c) TSH held at the
indicated potentials vs Ag/AgCl. Absorption features corresponding to the electrolyte are indicated by “*”. Integrated ΔTsol values are given for
each of these examples. (d−f) Optical images of each PDPA type: (d) PSSH, (e) MSH, and (f) TSH (field of view = 70 μm). Profiles are shown for
each image to provide a qualitative reference for surface roughness. (g−i) SEM images for each PDPA variant: (g) PSSH, (h) MSH, and (i) TSH.
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wavelength of maximum contrast. The effective broadband
electrochromic contrast afforded by PDPA is thus particularly
valuable in this context and suggests that full devices
(incorporating a complementary cathodically coloring counter
electrode) could yield even greater spectral modulating
performance. Additional optical and electrochemical character-
izations, such as electrochromic cycling, are shown in the
Supporting Information (i.e., Figures S1 and S7).
We now turn our attention to understanding the molecular

factors responsible for achieving a high quality morphology
and, consequently, high ΔTsol values. Morphological insights of
sulfonic acid dopant effects are obtained using optical and
scanning electron microscopy (SEM) imaging shown in Figure
1d−f,g−i, respectively. In both imaging modes, PSSH doped
thin films show much finer textural features than the MSH or
TSH forms. SEM images reveal features resembling fissures
with characteristic size scales of up to 1 μm, probably from
rapid film drying following electropolymerization and rinsing.
However, surface cracks do not appear to adversely affect
optical qualities and additional cross-sectional imaging shows
that film thickness (ca. 500−600 nm) was uniform across the
entire sample (see Figures S8−10, Supporting Information).
Larger grain features in the MSH and TSH doped thin films
resemble those frequently observed in related electropoly-
merized polyarylamine thin films15,16 that lead to increased
scattering and nonuniform surface coverage which are
unfavorable for electrochromic applications.17 These marked
differences in morphologies with the dopant type and their
electrochromic performance (ΔTsol) suggest large deviations in
both the polymerization mechanism and resultant polymer−
dopant interactions. The finer textures of PDPA:PSSH thin
films are suggestive of intimate mixing or perhaps copoly-
merization with diphenylamine monomers, which are possible
outcomes of the proposed templated polymerization mecha-
nism. While intriguing, this is rarely observed in electro-
polymerization of polyarylamines, although recent work
involving templated deposition of PANI by a Langmuir−
Blodgett technique produced thin films of high crystallinity.18

Vibrational spectra of as-deposited PDPA samples with the
various sulfonic acid dopants were measured using FT-IR
absorption and Raman scattering spectroscopies that can
expose further details about the molecular structure and local
chain order. Figure 2a shows FT-IR absorption spectra of each
form, and film thicknesses were comparable for all samples.
Distinct transitions corresponding to PDPA and dopant
molecules are resolved, and each sample type displays
characteristic vibrations from CC stretching and bending
modes appearing at ca. 1500−1600 and 600−1000 cm−1,
respectively, along with CH bending character at ca. 1300−
1400 cm−1.19 Motions involving sulfoxo groups are apparent at
ca. 1100−1400 cm−1 and absorption patterns reflect the nature
of each dopant (i.e., aromatic vs aliphatic sulfonic acids).20

C�N stretching character is also evident at ∼1550 cm−1 as
expected from imine functionalities linking backbone diphenyl
groups.21 FT-IR spectra indicate that PDPA structures are
similar but do not completely capture chain ordering and
morphological details that profoundly influence the electro-
chromic properties. For the case of PSSH, X-ray photoelectron
spectra (XPS) reveal that the dopant is fully integrated into the
film structure and the as-deposited film contains a relatively
balanced mixture of deprotonated (anionic) PSS− groups and
protonated (neutral) PSSH groups (see Figure S11, Support-
ing Information). Furthermore, PSSH levels are enriched at the

surface of the PDPA film following electrochemical treatments
in a 0.2 M LiClO4/PC electrolyte, which might also promote
stability due to insolubility of this dopant in PC. Unfortunately,
film roughness of the MSH and TSH doped samples were too
large to obtain reliable XPS data for comparison.
Raman spectra offer additional perspectives and further

benefit from strong resonance enhancement effects often
observed in related polyarylamine materials.19 Raman spectra
were measured using several laser excitation sources spanning
the PDPA electronic absorption spectral range (i.e., 325−1064
nm) with comparable power densities (∼1 kW/cm2). Figure
2b displays a representative resonance Raman line shape for
PDPA:PSSH excited with 488 nm light, which exhibits
pronounced overtone and combination band features originat-
ing from the reduced form of PDPA. While these features were
present for all thin film samples, resonance enhancement
effects were strongest in the PDPA:PSSH variant (Figure 2b
indicating higher intrachain order. Raman intensity simulations
(including overtones and combination bands) were undertaken
to qualitatively assess this effect (see eqs S1−S3 and related
text in Supporting Information) with an example fit included in
Figure 2b are shown as stick spectrum. By adjusting the
phenomenological excited state lifetime (i.e., damping factor),
we show−in an ad-hoc manner−that substantially larger
intensities in the PDPA:PSSH sample correspond to longer-
lived dynamics consistent with lower disorder-induced
amplitude losses.
We next sought to connect the molecular level structure to

morphology-dependent electrochromic performance by per-
forming scattering type near-field scanning optical microscopy
(s-SNOM) on PDPA thin films. s-SNOM uses broadly tunable
MIR excitation to generate morphology-dependent chemical

Figure 2. (a) IR absorption spectra of PDPA with various sulfonic
acid dopants. (b) Resonance Raman spectra of PDPA:PSSH (488 nm
excitation) and simulated intensities. Inset: Comparison of integrated
Raman intensities as a function of excitation wavelength for all PDPA
variants with electronic absorption spectra of PDPA.
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maps of each dopant variant which are shown in Figure 3
(experimental details and additional images are provided in the
Supporting Information, Figures S19−22). s-SNOM images
excited at multiple PDPA vibrational frequencies (see Figure
2a) showed little change in appearance, although the
magnitudes of the amplitude and phase (i.e., real and
imaginary parts of the complex dielectric function) were
excitation-dependent. Comparing topographies and mechan-
ical phase contrast reveals stark differences in morphology,
consistent with SEM images in Figure 1. MSH and TSH

dopants exhibit large topographical features resembling
spheroids up to several micrometers, whereas features in
PSSH doped PDPA thin films have much smaller characteristic
size scales (∼100 nm). Tip−sample interactions reflected in
the mechanical phase contrast showed larger deviations in
MSH and TSH doped samples due to greater surface hardness
probably from higher surface charge densities. Conversely,
PSSH doped films displayed much “softer” tip−sample
interactions consistent with less surface charge consistent
with XPS results (see Supporting Information).

Figure 3. s-SNOM images of PDPA thin films using an excitation frequency of 1550 cm−1 with the various sulfonic acid dopants (TSH, MSH, and
PSSH) showing topography (a−c), mechanical phase shift (d−f), IR amplitude (S4, g−i), and IR phase (Ω4, j−l). Image field of view for all samples
was 10 × 10 μm (scale bar = 1 μm).

Scheme 1. Illustration of Proposed Dopant Interactions with PDPA
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IR amplitude images show strong contrast that further
highlights morphological differences between each dopant
form. Namely, large domain features in MSH and TSH films
show greater IR reflectivity (i.e., Re[εr(ω)]), consistent with
greater metallic character22 which varies significantly over the
scan field of view. Corresponding images from PSSH doped
films reveal much more uniform IR amplitude due to a finer
texture and probably less localized surface charge. Comparing
these trends with the IR phase contrast (i.e., Im[εr(ω)]) helps
better resolve morphology-dependent surface features since
this contribution reports the extent of excitation absorption.
Larger IR phase contrast correlates with lower reflectivity,
revealing abrupt zone boundaries in both MSH and TSH
doped thin films that may contribute to poor charge transport
and electrochromic contrast. PSSH-doped PDPA thin film
morphologies again display more uniform features indicating
better phase continuity and connectivity seen in other ordered
conjugated polymers.23 While some regions of high IR phase
contrast are apparent, the absence of abrupt boundaries
surrounding domains suggests better charge transport
characteristics and lower trapping and recombination efficacies
in addition to improved optical qualities.
In summary, we have demonstrated exceptional ΔTsol values

for an anodically colored polymeric electrochromic thin film
produced through a solution-based technique under ambient
conditions. This finding highlights the potential value of PDPA
as a broadband (vis−NIR) active electrochrome for dynamic
solar control with the potential for large-scale, sustainable
implementation. The incorporation of the PSSH polyanionic
dopant has dual roles in both templating electropolymeriza-
tion, which produces PDPA chains of much higher conforma-
tional order, and ensuring charge neutrality. Although chain
connectivity is similar between dopants as evidenced from IR
absorption spectra, larger intensity enhancements from
resonance Raman spectra reveal PSSH doped samples are
consistent with improved ordering qualities. This concept is
illustrated in Scheme 1 where attractive Coulombic inter-
actions occur along with regular spacing intervals between
charged substituents. Higher local ordering likewise promotes
lower heterogeneity and, consequently, superior nano- to
microscopic morphology characteristics essential for high
electrochromic contrast as revealed by s-SNOM studies.
Large phase separated domains with abrupt boundaries in
the MSH and TSH doped thin films cause increased scattering
and probably promote unwanted charge trapping and
recombination as revealed from s-SNOM IR amplitude and
phase imaging. On the other hand, PSSH doped PDPA films
displayed much higher uniformity consistent with improved
charge transport necessary for high electrochromic contrast.
Further advancements in understanding and promoting the
long-term stability of these films under relevant conditions,
particularly in full devices will be vital for assessing their
ultimate potential for smart window applications. Stabilities of
polymer materials under solar irradiance (especially UV) can
be limited, although degradation mitigation strategies do
exist.24,25 Furthermore, the chemically similar polyarylamine
PANI has shown stable electrochromic performance during
harsh space-like environmental testing.26 Combining this level
of environmental stability with the high ΔTsol of PDPA:PSSH
could enable low-cost, high-performance electrochromic smart
window technologies with great potential for building energy
savings if integrated with an appropriate complementary
cathodic coloring counter electrode.

■ EXPERIMENTAL METHODS

Electropolymerization of PDPA

All chemical reagents were purchased from Sigma-Aldrich except
where indicated. DPA was dissolved in ethanol (99.5%) at a 0.01 M
concentration along with 0.3 M sulfonic acid dopant: PSSH (MW ∼
75,000, 18 wt % in water), MSH (70 wt % in water), and TSH
(monohydrate, 98.5%). ITO-coated glass substrates (Ossila, 20 Ω)
were ultrasonically cleaned successively in acetone, DI water, and
isopropanol, and dried in a N2 stream. The ITO-glass was used as the
working electrode in a three-electrode cell (Pt counter, Ag/AgCl
reference) containing the deposition solution and cycled using cyclic
voltammetry between −0.1 and 0.9 V for a prescribed number of
cycles at a scan rate of 50 mV/s, during which the amount of cycling
charge increased with each cycle, indicating progressive electro-
deposition of PDPA. Areal capacities during cycling are approximately
15−20 mC/cm2. After electrodeposition, PSSH doped samples were
washed with ethanol, DI water, and 2-propanol before being dried in a
N2 stream. MSH and TSH doped samples were not washed with
water as they were more susceptible to delamination during water
rinsing.

PDPA Characterization

A three-electrode cell consisting of a quartz-windowed cuvette, Pt-
wire counter electrode, and Ag/AgCl reference electrode was used to
collect transmittance spectra at −0.1 and 0.95 V vs Ag/AgCl in 0.2 M
LiClO4 (Alfa-Aesar, anhydrous 99%) dissolved in PC (Alfa-Aesar,
anhydrous, 99.5%) (Scheme 1). Transmittance was measured using a
Cary 5000 UV−vis−NIR spectrophotometer between 300 and 1700
nm. Baseline 100% transmittance scans were performed with an
empty cuvette (only quartz windows in the beam path). In select
instances, a single wavelength (700 nm) was measured during
potentiostatic cycling, with no cuvette baseline correction (see Figure
S4, Supporting Information). Scanning electron microscopy (SEM)
images were observed by a Zeiss Supra 55VP instrument with an
Oxford 80 mm2 energy dispersive X-ray spectroscopy (EDX) detector
and Aztec software.

Optical images were obtained with an optical microscope (Bruker)
and corrected for optical aberrations. FT-IR absorption spectra were
measured on thin solid films by using an attenuated total internal
reflectance (ATR) geometry (Bruker LUMOS). Resonance Raman
spectroscopy was performed on PDPA thin films using a combination
of dispersive (home-built confocal microscope or Renishaw InVia)
and FT (Bruker RAM II) methods with excitation from ∼350−1064
nm. All samples showed large fluorescence backgrounds that were
removed by either fitting polynomial functions and baseline
subtraction or the pseudosecond derivative method. Spectra were
also corrected by accounting for thin film absorption to compare the
relative intensities.

s-SNOM imaging of as-prepared PDPA thin films is performed
using an integrated tapping-mode atomic force microscope (AFM, Ω
∼270 kHz, 80 nm dither) and a near-field microscope system
(Neaspec GmbH). A tunable, linearly polarized quantum cascade
laser (QCL) (MIRcat-QT-Z-2400, Daylight Solutions, Inc.) generates
IR radiation with frequencies of ∼1250−1850 cm−1, ca. 0.1 cm−1 line
width that was introduced to the microscope system and focused
using a parabolic mirror (NA = 0.46) at the tip−sample interface (30°
excitation grazing incidence angle). IR scattering is detected by using
MCT photodiodes (Kolmar Technologies, Inc.) cooled by liquid
nitrogen in a pseudoheterodyne interferometric detection geometry.
Simultaneous IR excitation amplitude and phase are recorded along
with the AFM topographic and phase shift images by raster scanning
samples. The detector output is demodulated at higher harmonics
(amplitude, S3 and S4, and phase, Ω3 and Ω4) to exclude far-field
contributions.
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