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Development and optimization of 
multiphase nanoscale systems and 
functional nanoarchitectures require 
a meticulous physicochemical under-
standing of interfacial regions and their 
interactions. Disordered multiphase 
systems like polymer nanocomposites 
often exhibit intricate and convoluted 
interfacial regions across interphases.[1–4] 
Resolving such nanocomposite inter-
phases with sub-micrometer resolution 
and chemical exactitude is of substan-
tial importance towards a complete 
quantitative understanding of nanoscale 
systems.[5] Vibrational spectroscopies 
afford the most chemical specificity, 
but are notably limited in spatial reso-
lution. Conversely, electron microspec-
troscopies provide the highest spatial 
resolution but lack a high degree of 
chemical specificity, particularly for 
organic species. Electron and other high 
resolution microspectroscopies like 
scanning transmission X-ray microscopy –  

near edge X-ray absorption fine structure spectroscopy 
(STXM-NEXAFS) typically require the sample to be charac-
terized under vacuum, which can appreciably affect particle 
morphology and composition at the particle vacuum inter-
face. Advancements in ubiquitous techniques like Fourier 
transform-infrared (FTIR) spectroscopy have culminated 
with the advent of the discrete-frequency quantum cascade 
laser (QCL), enabling single-frequency infrared (IR) imaging 
and faster data acquisition.[6] Notwithstanding advance-
ments, such far-field IR vibrational microspectroscopies lack 
depth-resolving capabilities and are intrinsically restricted in 
spatial resolution by the wavelength-dependent diffraction 
limit of the probing IR light, which is typically between 5 
and 12 µm across fingerprint regions and dependent on the 
particular objective lens used.[7] Efforts to circumvent such 
diffraction limited resolution have led to recent progress in 
optical-photothermal infrared (O-PTIR) microspectroscopy 
techniques, where selective absorbance of mid-IR excitation 
laser light is detected using a visible light probe laser via a 
photothermally induced thermal lensing effect.[8–18] In such 
all-optical schemes, the detectable signal is the modulated 
probe laser power ΔPprobe, which is linearly proportional to 
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both the excitation laser power PIR and probe laser power 
Pprobe as well as the number density N of functional groups 
by the following expression[7]
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where α is the effective absorbance cross-section, κ is the local 
thermal conductivity, Cp is the local heat capacity, n is the local 
refractive index, and T is the local temperature. Recent success 
in a tangential technique pairing atomic force microscopy with 
photothermal infrared deflection spectroscopy (AFM-IR) can 
resolve vibrational mode variations in 100-nm features, albeit 
at the expense of data acquisition time, where high-resolution 
scans can take >20 min to acquire and AFM tip-sample interac-
tions must be considered. The O-PTIR technique reported on 
in this work is noncontact and utilizes tunable pulsed mid-IR 
laser light (5.5–12 µm) from a QCL to excite a selected spot on 
a sample under ambient conditions, measuring IR absorbance 
through energy and position perturbations in scattered con-
focal coaxial 532-nm laser light due to localized photothermally 
induced shifts in refractive index from the sample at laser foci 
(Figure 1a).[7,19,20]

Changes/perturbations in scattered visible light are detected 
using a lock-in amplifier to extract the modulated IR absorb-
ance signal from the total reflected light. A generalized sche-
matic diagram illustrating the key components of the O-PTIR 
technique is provided in Figure S1 (Supporting Information). 
As a corollary to the collinear laser light arrangement, inelasti-
cally scattered Stokes-/Anti-Stokes-shifted light may be simul-
taneously collected and processed to obtain concomitant IR 
and Raman spectra (O-PTIR+R) from the same local x–y coor-
dinates, as illustrated with a particle of neat poly(octadecyl 
acrylate) (PODA) (Figure  1b–e). A high-resolution single-fre-
quency IR image collected at 1738 cm−1 to visualize the distri-
bution of carbonyl group moieties across a particle of PODA 
with a pixel size of 100  nm is shown in Figure  1b along with 
an optical image (Figure  1c) demarcating where location-spe-
cific measurements were collected. The 1738  cm−1 band dis-
played in Figure  1b is normalized to a region of raised base-
line at 1628 cm−1 (CC stretching) observed in IR absorbance 
spectra where PODA-g-MWCNTs are present. Characteristic IR 
absorbance peaks (Figure 1d) at 1738 cm−1 (CO stretching),[21] 
1470  cm−1 (–CH2– scissoring),[22] and 1173  cm−1 (C–O–C 
valence vibrations, C–O stretching)[2] along with corresponding 
active Raman bands (Figure  1e) at 2876  cm−1 (–CH2–/–CH3 
stretching)[2] and 970 cm−1 (Si–O stretching)[23] taken at target-
specific locations near peripheral and central regions confirm 
the presence of PODA and the underlying native oxide layer-
passivated Si-wafer substrate, which agrees well (98.1%) with 
Wiley’s KnowItAll IR spectral database (Figure S2, Supporting 
Information) and conventional Raman spectra (Figure S3, 
Supporting Information) independently collected. O-PTIR+R 
has very recently been used to characterize depth-resolved 
molecules in living cells,[7] polymorphic amyloid aggregates 
in neurons,[24] sub-micrometer atmospheric particulates,[25]  
pharmaceutical dry-powder aerosols,[26]  <10-µm  organic con-
taminants on hard drives,[27] bioplastic composite interfaces,[28] 
high-explosive trace materials,[29] and Ruddlesden–Popper 

hybrid perovskite crystals exhibiting peripheral 2D/3D hetero-
structure formation,[30] which show excellent correlation to con-
ventional FTIR absorbance spectra.

In this work, a human body temperature-sensitized thermo-
metric polymeric nanocomposite of poly(octadecyl acrylate)-
grafted-multiwall carbon nanotubes (PODA-g-MWCNTs) for 
wearable temperature sensors recently reported on is charac-
terized using an all-optical O-PTIR+R microspectroscopy tech-
nique, resolving interfacial regions with remarkable chemical 
specificity and a theoretical sub-micrometer resolution of 
≈416  nm, as determined by the Rayleigh criterion and objec-
tive numerical aperture.[2] This communication is the first 
report characterizing a conductive nanocarbon-based disor-
dered polymer nanocomposite using the O-PTIR+R technique. 
Results from this work demonstrate unprecedented chemical 
specificity across nanometric step size intervals spanning 
nanocarbon/host–polymer interphases. The PODA-g-MWCNTs 
characterized in this work are synthesized through a RAFT-
polymerization scheme and exhibit extraordinarily large, repeat-
able, electronic switching facilitated through form-stable glass 
transitions near human fever temperatures and is a promising 
low-cost candidate material for wearable temperature sensors 
(Experimental Section, Supporting Information).[2,31] Atomic 
force microscopy (AFM) topography images, corresponding 
location-specific AFM-IR spectra, and field-emission elec-
tron microscopy images of PODA-g-MWCNTs are presented 
in Figure  2. IR photothermal amplitude spectra directly pro-
portional to IR absorbance bands obtained at location-specific 
target sites (Figure 2b) are presented in Figure 2c,d. Prominent 
IR absorbance bands at 1737 cm−1 (CO stretching), 1459 cm−1 
(–CH2– scissoring), and 1171  cm−1 (C–O–C valence vibrations, 
C–O stretching) confirm the presence of PODA while IR 
bands at 1595 cm−1 (CC stretching)[2,21] from the E1u in-plane 
mode and 1373 cm−1 (disorder band)[2,32] verify the presence of 
MWCNTs. AFM-IR spectra obtained from off-particle regions 
(Figure  2d) clearly contrast PODA-g-MWCNTs from the Si 
substrate. A field-emission scanning electron image of PODA-
g-MWCNTs shows a uniform distribution of interconnected 
high aspect ratio grafted MWCNTs. High-resolution transmis-
sion electron images (Figure 2f–h) resolve the nanostructure of 
PODA-g-MWCNTs as a system of PODA-wrapped MWCNTs, 
where constricting, bridging, and webbing arrangements are 
observed. Detailed spectroscopic and electronic characteriza-
tions of PODA-g-MWCNTs have previously been reported on by 
Wang et al.[2]

To clearly contrast interfacial regions, PODA-g-MWCNT 
samples were solubilized and sonicated in decane prior to 
spincoating onto native oxide layer-passivated crystalline 
Si-wafer substrates to allow any free/unbound PODA to sepa-
rate from MWCNT-rich regions. False-color single-frequency 
IR absorbance images with 100-nm pixel size of a particle 
of PODA-g-MWCNTs collected at 1736  cm−1, normalized to 
a region of raised baseline at 1628  cm−1 (CC stretching), 
to image the carbonyl groups of PODA-rich regions and 
at 1628  cm−1, normalized to the 1736  cm−1 band, to image 
CC stretching vibrations in PODA-g-MWCNT-rich regions 
are presented in Figure  3a,b. An optical image (Figure  3c) 
corresponding to the single-frequency IR maps presented 
in Figure  3a,b shows a line array of 20 color-coordinated 
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markers partitioned into three distinct regions demarcating 
where simultaneous IR-photothermal amplitude and Raman 
spectra were obtained at 1.5-µm step-size intervals. IR-photo
thermal amplitude spectra (Figure  3d–f) across the three 
regions defined in Figure 3c quantitatively resolve a region of 

essentially neat PODA (Region 1), a transitional region rich 
in PODA-g-MWCNTs (Region 2), and a transitional region 
between PODA-g-MWCNTs and neat PODA (Region 3). Raised 
baselines from broadband absorbance and a characteristic 
region of raised baseline at 1628  cm−1 resulting from CC 

Figure 1.  a) Schematic cartoon illustrating the working principle of the optical-photothermal infrared (O-PTIR) spectroscopy technique. b) High-resolution 
(100 nm pixel size) single-frequency IR absorbance map of neat poly(octadecyl acrylate) collected at 1738 cm−1, baseline normalized to a region of raised 
baseline at 1628 cm−1 (CC stretching), to image carbonyl groups of acrylate moieties. c) 40× optical image corresponding to panel (b) with overlaid 
color-coordinated markers denoting where individual region-specific photothermal amplitude spectra were taken. d) Photothermal amplitude spectra 
taken at location-specific regions demarcated in panel (c) and e) concomitantly obtained corresponding Raman spectra.
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stretching verify the presence of MWCNTs across Region 2 
(Figure 3e). While raised baselines due to broadband absorb-
ance are not readily evident in stacked spectra (Figure 3), they 
are clearly observed in an overlapping plot of the raw O-PTIR 
spectra presented in Figure 3d–i (Figure S4, Supporting Infor-
mation). Figure  3e,f,h,i shows transitional regions where 
broadband absorbance from MWCNTs is observed. Semicon-
ducting and metallic MWCNTs exhibit strong electromag-
netic absorption between and around the S22 and S11 excitonic 
peaks, which makes IR spectroscopy of MWCNTs challenging 
due to overlapping signals and strong elevated baselines. 
All sp2-hybridized allotropes of carbon contrastingly exhibit 
strong and characteristically discernable Raman spectral fea-
tures. Because Raman spectra are simultaneously collected 
from the exact same spot as O-PTIR spectra, Raman can be 
used as a corroboratory tool to confirm the presence and loca-
tion of PODA-g-MWCNT regions (Figure  3e,h). Without the 
combined O-PTIR+R approach, it would be challenging to 
confirm both the chemical composition and locality of such 
1D graphitic nanomaterials with precision and certainty.

Raman spectra (Figure  3g–i) concomitantly obtained from 
the same target sites demarcated in Figure  3c corroborate 
IR-amplitude spectra across all three regions, where a char-
acteristic active Raman band of PODA at a shift of 2876 cm−1 
(–CH2–/–CH3 stretching) and those of MWCNTs at shifts of 
1590 cm−1 (G-band) from the E2g optical mode and 1337 cm−1 
(D-band) clearly differentiate the three regions and agree 
well with independently obtained Raman spectra (Figure  S3, 
Supporting Information).[21,32] Benefits of the combinatory 
O-PTIR+R approach are evident when considering base-
line fluorescence often present in Raman spectra at shorter 

excitation wavelengths. Raman spectra collected from regions 
of neat PODA show strong broadband fluorescence that ren-
ders definitive identification via spectral database searches 
problematic without significant baseline correction (Figure S3, 
S5, Supporting Information). While challenging for Raman 
signals, fluorescence does not affect O-PTIR spectra of neat 
PODA, which show distinctive absorbance peaks devoid of ele-
vated baselines and spectral artifacts. Hence, samples that are 
difficult to characterize with Raman due to fluorescence, can 
be measured and characterized with O-PTIR successfully to 
positively identify PODA with a high hit-quality index (HQI) 
(Figure S2, Supporting Information). It is worth noting that 
Raman is often performed at longer excitation wavelengths 
to minimize fluorescence, albeit at the expense of spectral 
sensitivity. For instance, increasing the excitation wavelength 
from 532 to 785 nm decreases the Raman effect by ≈4.7×, thus 
requiring an ≈22× longer acquisition time to reach compa-
rable spectral sensitivity. In contrast, the sensitivity of O-PTIR 
spectra is virtually unaffected by probe wavelength. O-PTIR+R 
spectra and analysis of a second PODA-g-MWCNT particle 
confirm the results presented in Figure  3 (Figure S6, Sup-
porting Information), where 40 contiguous IR-photothermal 
amplitude and Raman spectra concomitantly collected across 
an 80-µm line array spanning analogous transitional regions 
are shown.

Interfacial regions can be further characterized by evalu-
ating fingerprint IR absorbance and Raman band intensi-
ties as a function of lateral distance and comparing peak 
ratio magnitudes (Figure  4). IR amplitudes (Figure  4a) and 
Raman intensities (Figure  4b) with lateral distance, corre-
sponding to Figure 3c, show regions of varying number density 

Figure 2.  a) False-color 3D AFM topography orthographic projection image of PODA-g-MWCNTs and b) its corresponding AFM topography map with 
overlaid color-coordinated dot markers corresponding to panel (c). Location-specific AFM-IR-absorbance spectra of c) PODA-g-MWCNTs and d) the 
Si substrate, corresponding to panel (b). e) Field-emission scanning electron image of PODA-g-MWCNTs. f–h) Field-emission transmission electron 
microscopy images of PODA-g-MWCNTs at different magnifications. The yellow arrows in panels (f)–(h), denote regions where PODA is observed 
constricting a MWCNT, bridging between MWCNTs, and webbing between MWCNTs, respectively.
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of characteristic functional groups. Figure  4a shows varia-
tions in IR amplitude intensity with distance for the 1736 and 
1628 cm−1 absorbance bands, representative of carbonyl groups 
of PODA and sp2-hybridized carbon, respectively. Concordantly, 
Figure 4b shows variations in Raman intensity in the 2876 cm−1 
(–CH2–/–CH3 stretching) vibrational mode of PODA as well 
as the 1583  cm−1 (G-band) and 1337  cm−1 (D-band) vibrational 
modes of MWCNTs. Inter-region variations along the measured 
line array from Figure  3c are clearly observed by comparing 
IR-amplitude (Figure 4c) and Raman intensity (Figure 4d) peak 
ratios. Peak ratios of 1628 cm−1/1736 cm−1 for IR-amplitudes and 
1583  cm−1/2876  cm−1 for Raman intensities are shown, both 
representative of MWCNT-rich regions (Figure 4c,d). Figure 4c 
shows the IR-amplitude peak ratio (1628 cm−1/1736 cm−1) repre-
sentative of CC stretching jump from 0.014 in Region 1 to as 
high as 0.918 in Region 2, a percent-increase of 6459%, which 
agrees well with corresponding Raman intensity peak ratios 
(Figure 4d). As more complex nanocomposite systems are real-
ized and evolve, so does the role of standardized computational 
spectral databases and search software to spectroscopically iden-
tify components with precision and confidence. Spectral data-
base search algorithms typically rank the degree of correlation 

between an unknown spectrum and a reference spectrum 
using an HQI. An HQI is assigned to each candidate reference 
spectrum and is a metric for how closely a reference spectrum 
matches the unknown spectrum – a better match corresponds 
to a higher HQI. Multidimensional analysis database searches 
using complementary vibrational spectroscopy techniques like 
Raman and IR obtained simultaneously via O-PTIR+R from the 
same spot and sub-micrometer resolution improve the accuracy 
of spectral identification/verification beyond the capabilities of 
conventional vibrational spectroscopies and minimize experi-
mental uncertainty. Figure 4e shows a 2D graphical representa-
tion of the IR spectral HQI plotted against the corresponding 
Raman spectral HQI of a region of neat PODA using Wiley’s 
KnowItAll, where a strong correlation is observed between the 
two techniques as evidenced by the closely clustered dual search 
hits. Candidate spectra are required to exist for all generated hits 
(i.e., each hit corresponds to a unique pair of IR and Raman 
spectra for the same candidate structure). A high quality hit 
in Figure 4e is a close match corresponding to a poly(ethylene 
glycol) (PEG) distearate under the general class of polyacrylic 
and polymethacrylic esters. While PODA does not include a 
PEG backbone, it does exhibit the same esters of stearic acid 

Figure 3.  High-resolution (100-nm pixel size) discrete single-frequency IR absorbance maps of PODA-g-MWCNTs collected at a) 1736 cm−1 to image 
CO stretching from carbonyl groups of PODA and b) 1628 cm−1 to image CC stretching from MWCNTs. c) Optical image taken at 40× magnifica-
tion corresponding to panels (a) and (b) with colored markers demarcating line arrays across nanocomposite interfacial regions obtained at a 1.5-µm 
step-size interval. Color-coordinated d–f) O-PTIR spectra and g–i) Raman spectra demarcated by the colored line array in panel (c).
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and repeating, adjoining methylene backbone groups, strongly 
supporting the presence of PODA. Because O-PTIR+R spectra 
are simultaneously collected from the exact same locality at the 
same spatial resolution, 2D HQI plots provide a more powerful 
means by which to accurately identify organic species from 
multi-dimensional hit list libraries with sub-micrometer spatial 
precision, a feat unobtainable by means of ordinary Raman or 
FTIR/QCL spectroscopy alone.

Complementing discrete-frequency IR imaging, the 
O-PTIR+R technique utilized in this work also affords hyper-
spectral Raman imaging with the same sub-micrometer spa-
tial resolution as discrete-frequency O-PTIR images (Figure 3), 
providing further supporting high-resolution spectral evidence 
(Figure 5). Raman images from hyperspectral data of a PODA-
g-MWCNT particle displayed at a shift of 1583  cm−1 (G-band), 
normalized to the 2876  cm−1 (–CH2–/–CH3 stretching) mode, 
show concentrated discrete regions of MWCNTs (Figure  5a), 
while the image displayed at a shift of 2876  cm−1, normalized 
to the 1583  cm−1 mode, show alkyl- and methyl-rich moieties 
of PODA (Figure  5b). The crosshair reticles overlaid atop the 

hyperspectral Raman maps (Figure  5a,b) demarcate where 
representative individual point Raman spectra were collected, 
as shown in the corresponding optical image (Figure 5c). The 
x–y coordinates listed by each reticle are the global coordinates 
within each respective image. Raman spectra color-coordinated 
with the red and gold markers in Figure  5c uniquely identify 
the dissimilar regions/phases (Figure  5d). A hyperspectral 
Raman image displayed at a shift of 520  cm−1, normalized 
to the 2876  cm−1 mode, to image the Si-wafer substrate cor-
roborates Figure 5a,b, where the substrate clearly outlines the 
peripheral of the PODA-g-MWCNT particle (Figure S7, Sup-
porting Information). After repeated and prolonged beam 
exposure to pulsed mid-IR QCL and 532-nm diode lasers at 
high powers while acquiring high-resolution single-frequency 
O-PTIR maps, minor sample damage was observed (Figure S8, 
Supporting Information), however this was not a common arti-
fact. A data acquisition time of ≈1 s per O-PTIR+R spectrum 
was typical, yielding super-resolution transmission quality IR 
absorbance spectra profiles with simultaneous Raman intensity 
spectra through a noncontact all-optical technique.

Figure 4.  a) IR-amplitude magnitudes of absorbance bands 1736 cm−1 (CO stretching) and 1628 cm−1 (CC stretching) and b) corresponding Raman 
intensity magnitudes at shifts of 1583 cm−1 (G-band), 1337 cm−1 (D-band), and 2876 cm−1 (–CH2–/–CH3 stretching) of PODA-g-MWCNTs partitioned 
by region, in reference to Figure 3, and obtained at 1.5-µm step-size intervals. c) IR-amplitude peak ratios (1628 cm−1/1736 cm−1) and d) corresponding 
Raman intensity peak ratios (1583 cm−1/2876 cm−1) as a function of lateral distance corresponding to panels (a,b). The black, red, and yellow headers 
demarcate the different regions defined in Figure 3c. e) Scatter plot of the hit-quality index (HQI) of Raman spectra against IR spectra from a region 
of neat PODA using Wiley’s KnowItAll spectral database. A high-quality hit is demarcated in yellow on the far right.
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In summary, we report on the first characterization of 
a disordered nanocarbon-based polymer nanocomposite 
across interfacial regions using an all-optical super-resolu-
tion hyperspectral O-PTIR+R microspectroscopy technique 
under ambient conditions. Location-specific reflection-mode 
IR photothermal amplitude spectra well-correlated to tra-
ditional transmission-mode FTIR absorbance spectra with 
concomitantly obtained Raman spectra collected with sub-
micrometer wavelength-independent spatial resolution dem-
onstrate unprecedented combined spatial and chemical 
specificity. Distribution and density of discrete functional 
groups across heterogeneous nanocomposite interphases are 
resolved without dispersive spectral artifacts from wavelength-
dependent scattering as would be seen in conventional FTIR/
QCL microspectroscopy. Interfacial regions within interphases 
of nanocomposite particles of PODA-g-MWCNTs are spectro-
scopically resolved well beyond the limitations of conventional 
IR spectroscopies as regions rich in neat PODA, regions con-
centrated with PODA-g-MWCNTs, transitional regions, and 
regions of bare substrate. This Communication demonstrates 
a complementary and corroboratory vibrational microspec-
troscopy technique that can accurately identify organic species 
with sub-micrometer spatial and chemical precision. We show 
how the O-PTIR+R technique is used to confirm both the 
chemical composition and locality of PODA-g-MWCNTs with 
confidence, spatial precision, and chemical specificity. Results 

from this work may be extrapolated to other nanocomposite 
systems where discrete-frequency imaging of interfacial or 
edge-boundary regions with chemical exactitude is requi-
site towards a more quantitative insightful understanding of 
nano-, meso-, and microscale interphases.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  False-color hyperspectral Raman maps of PODA-g-MWCNTs displayed a) at a shift of 1583  cm−1, normalized to the 2876  cm−1 band, to 
image CC stretching in MWCNTs and b) at a shift of 2876 cm−1, normalized to the 1583 cm−1 band, to image the methylene and methyl groups of 
poly(octadecyl acrylate). c) 40× magnification optical image corresponding to panels (a) and (b), where the color markers demarcate where Raman 
point spectra were collected, corresponding to panels (a–c). d) Raman spectra collected at the colored-coordinated markers in panel (c), where purple 
and magenta lines demarcate characteristic Raman bands used to form panels (a,b).
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