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Mid-infrared (MIR) photothermal microscopy/spectroscopy repre-
sents a new, ultrasensitive, superresolution infrared absorption
technique. The origin of its signal contrast is complex, containing
competing contributions from photothermal-induced changes to
specimen refractive indices and volumes as well as those of the
local environment. In this study, we investigate the interplay
between abovementioned contributions to observed contrast in
MIR photothermal microscopy images and spectra. This entails
size-dependent measurements on individual polystyrene and poly-
methylmethacrylate nanoparticles with radii below 100 nm and as
low as 25 nm. From this, we now establish that sizable photother-
mal contrast arises from the interference between light scattered
from a specimen’s local dielectric medium and backreflected light
from an air/substrate interface. This is particularly important for
small specimens embedded in media. Attesting to this, we observe,
for the first time, a predicted, small nanoparticle size crossover in
signal contrast between particles embedded in air versus a dielec-
tric medium with a refractive index greater than one.

1 Introduction

Infrared (IR) absorption microscopy/spectroscopy is widely
used in materials science,’ chemistry,” and biology® because
it is a sensitive, non-destructive, label-free, and chemically
specific analysis. Unfortunately, its spatial resolution is limited
by the Abbe diffraction limit. For IR wavelengths between
2.5 and 10 um, the resulting spatial resolutions are of the order
~5 pum. This prevents traditional IR microscopy from being
used to conduct high spatial resolution chemical analyses.
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New concepts

In this work, we establish that mid-infrared (MIR) photothermal contrast
contains significant contributions from light scattered by the specimen
and its local dielectric environment. While existing literature attributes
MIR photothermal contrast primarily to competing photothermal-
induced changes in specimen refractive indices and volumes, our study
identifies that contrast contains significant contributions from an inter-
ference between light scattered from a specimen’s surrounding medium
and back-reflected probe light. We model and experimentally confirm
this mechanism, demonstrating a predicted, small-particle size crossover
in contrast when particles are embedded in air versus Nujol. This break-
through provides fundamental insight into the origins of MIR photo-
thermal contrast in images and spectra. It further offers new
opportunities for conducting single-particle MIR super-resolution absorp-
tion measurements in complex environmental matrices.

To address this limitation, various superresolution IR tech-
niques have been developed to conduct measurements
below the IR diffraction limit.** This includes atomic force
microscopy (AFM)-based photothermal infrared (AFM-PTIR or
AFM-IR) microscopy.®® It also includes scanning near-field
versions that employ tips to locally enhance and scatter IR
light.”™** Tip-based techniques, however, suffer from issues
related to the need for specimens to possess sizable thermal
expansion coefficients as well as the occasional complexity of
measured signals.

Scanning transmission electron microscopy-electron energy
loss spectroscopy (STEM-EELS) is another superresolution IR
technique.”*™ It can achieve a 1-2 nm spatial resolution,
depending on the sample thickness, beam conditions, and
detector sensitivity. STEM-EELS, however, has limitations due
to specimen beam damage, the need for specialized EELS
spectrometers to approach energies close to the Rayleigh line,
and the need to operate under vacuum.

An all-optical, tabletop, superresolution technique that has
recently gained traction is optical photothermal infrared
spectroscopy (O-PTIR),""'®">* alternatively called infrared photo-
thermal heterodyne imaging (IR-PHI). The technique achieves a
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spatial resolution of ~300 nm and has been used in various
capacities to image individual cells,'® virus particles,'® polymer
beads,'®*>** micro/nanoplastics,”®*’ metal nanostructures,**>°
and semiconductors.>*?

An open question for O-PTIR/IR-PHI is the origin of its
contrast in obtained mid-infrared (MIR) images and
spectra.”® The technique operates via local photothermal heat-
ing of materials following their on-resonance excitation. What
results are induced changes to material refractive indices (n) as
well as transient changes to associated volumes. If a surround-
ing medium is present, for example, in biological imaging
applications where water is present, it also leads to subsequent
localized heating and corresponding changes to the medium’s
refractive index, ny,.

As an illustration of the ambiguity surrounding the O-PTIR/
IR-PHI signal contrast, analogous single particle (visible wave-
length) photothermal measurements employ a surrounding
medium’s refractive index as the primary reporter for specimen
absorption.® This stems from small specimen sizes, which lead
to efficient heat transfer into the surrounding medium. O-PTIR/
IR-PHI measurements, by contrast, are generally medium free.
Samples are simply dispersed onto substrates and absent a
hydratation layer are surrounded by air (n,, ~ 1).

Even without surrounding medium contrast contributions,
the O-PTIR/IR-PHI signal contrast possesses a complex origin
due to contributions from both specimen refractive index and
transient volumetric changes. This is unlike AFM-PTIR/AFM-IR,
where contrast arises solely from the thermal expansion of
probed specimens. Modeled O-PTIR/IR-PHI probe backscatter-

ing cross-sections take the following general form:'®2°
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where AT is the induced temperature change in the specimen
or

n
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are specimen thermo-optic and thermal expan-
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sion coefficients, respectively, with Ao, =
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and Ao, = (M —’) AT. Notably, I and 2 adopt oppo-
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site signs. Ao, and Ao, contributions to Acpackscat therefore
counteract each other and possibly contain complex specimen size
and refractive index dependencies. Ambiguity therefore exists over
the primary contribution to the O-PTIR/IR-PHI signal contrast and
to the role a local environment plays, if present.

2 Experimental

Here, we employ a widefield version of O-PTIR/IR-PHI, called
wIR-PHI, to study the origin of its photothermal contrast. The
widefield modality employs a tunable MIR (pump) laser
(MSquared, Firefly LW, 20 kHz, 1840-1042 cm™ ') in conjunc-
tion with a pulsed, visible (probe) laser (Thorlabs, NPL52C,
515 nm, ~129 ns, 40 kHz) and a high speed, complementary
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Fig.1 (a) Schematic of the wlIR-PHI instrument. (b) Representative

1727 cm™! C=O0 stretch images of individual r = 134 and r = 94 nm PMMA
nanoparticles. Scale bars: 500 nm.

metal oxide semiconductor (CMOS) camera (Photron, FASTcam
Nova S12, 40 kHz) to image specimens. A counterpropagating
pump/probe geometry maximizes the technique’s spatial reso-
lution, given that the visible probe establishes its effective
diffraction limit. Pump, probe, and camera frame acquisition
are synchronized using a programmable pulse generator
(Quantum Composers, Emerald). Fig. 1 shows a general scheme
of the instrument. Fig. 1b shows example images of individual
r=134 and r = 94 nm PMMA NPs, where visible ripples result from
differences in probe laser diffraction due to NP size variations
under “hot” versus “cold” conditions. This has been discussed in
ref. 21. More details about the instrument, along with a timing
diagram of pump, probe, and camera synchronization pulses, are
given in the supplementary information (SI).

Specimens consist of different-sized polymethylmethacry-
late (PMMA) and polystyrene (PS) nanoparticles (NPs) to estab-
lish wIR-PHI contrast size-dependencies. To assess environ-
mental contributions to observed MIR contrast, nanoparticles
are embedded in an IR-compatible oil, Nujol. PMMA NP radii
(r) range from ~140-30 nm [r = 134 + 11 nm; 94 + 8 nmy;
56 + 4 nm; 28 £+ 5 nm]. PS NP radii range from ~100-25 nm
[r=106 &£ 7 nm; 51 + 5 nm; 39 + 6 nm; 24 + 4 nm]|. In what
follows, different-sized particles are referred to using their
mean radii. The SI provides sample sizing images and histo-
grams as well as more information on specimen preparation
wherein nanoparticles are dropcast onto CaF, coverslips (Cry-
stran, 200 um). For specimens surrounded by Nujol, a Nujol
solution of particles is first prepared before spin-coating sus-
pensions onto CaF, coverslips.

wIR-PHI images are obtained by irradiating the NPs with the
MIR pump at 20 kHz (Iump,1727em-1,pmma = 448.4 kW cm ™2,
Iyump, 1450em-1,ps = 500.8 kKW cm ™2, both for all sizes). Induced
photothermal changes for a ~3 K (~ 30 K) temperature change
to PS (PMMA) NPs are probed with the visible laser, operating at
40 kHz (Iprobe = 219 kW cm™?). For additional details about

This journal is © The Royal Society of Chemistry 2026
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temperature changes induced in the NPs by the pump laser,
refer to the SI.

Probe pulses are coincident and interspaced between pump
pulses. CMOS images, acquired at 40 kHz, record “hot” (pump
and probe pulses coincident) and “cold” (probe pulse inter-
spaced between pump pulses) images from where their differ-
ence gives rise to MIR contrast. Hyperspectral images and
spectra are acquired by scanning the MIR laser frequency
(1042-1840 em™") during data acquisition. Ref. 21 provides a
general description of the wIR-PHI technique. Subsequent
instrument upgrades, including addition of beam shaping
optics to produce uniform intensity distributions as well as
simplifications to the optics to increase pump and probe power
throughputs, have improved the instrument’s sensitivity/
limit-of-detection. The SI provides more details about these
modifications.

3 Results and discussion

Fig. 1b shows representative 1727 cm ™' (PMMA C=O0 stretch)
wIR-PHI images of individual r = 134 nm and r = 94 nm PMMA
NPs. Fig. 2a-d show additional 1727 cm~ " wIR-PHI images
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across the full PMMA size range. Fig. 2f-i show analogous
1450 cm ™" (PS CH, bend) PS NP images across the studied size
range. In total, ~80 NPs from both PMMA and PS size series
have been studied [PMMA w/o Nujol: r = 134 nm (N = 8);
r=94nm (N=9);r=5 nm (N=7); r=28 nm (N = 4);
PMMA w. Nujol: 7= 134 nm (N=5); r=94 nm (N = 7); r = 56 nm
(N=8);r=28nm (N=7); PS: r =106 nm (N = 6); r = 51 nm
(N=9);r=39nm (N=11); r = 24 nm (N = 4)].

Fig. 2e and j provide corresponding, individual PMMA and
PS NP spectra, acquired using wIR-PHI’s hyperspectral modal-
ity. In either case, comparison of acquired spectra to reference
PMMA and PS spectra (bottom, purple) reveals good agreement
with expected PMMA C=O and PS CH, bend/C-C aromatic
stretches. Observed spectral shifts, relative to reference spectra,
likely stem from variations of the local absorber environment.
On the whole, acquired spectra agree with prior IR-PHI and
wIR-PHI data of individual PMMA and PS nanoparticles.>'**
The SI provides additional, single particle hyperspectral images
and spectra.

Fig. 3a and ¢ summarize observed, size-dependent, average
wIR-PHI signals from individual PMMA and PS nanoparticle
measurements. wIR-PHI signal values fall monotonically with
size and agree with prior PMMA and PS IR-PHI data.>"*’
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Fig. 2 Normalized 1727 cm™! wiR-PHI images of individual (a) r = 134 nm, (b) r = 94 nm, (c) r = 56 nm, and (d) r = 28 nm PMMA nanoparticles.
Normalized 1450 cm~* wIR-PHI images of individual (f) r = 106 nm, (g) r = 51 nm, (h) r = 39 nm, and (i) r = 24 nm PS nanoparticles. Images plotted on
logarithmic scales. Scale bars: 500 nm. (e) and (j) Corresponding single particle wiR-PHI spectra: spectra normalized to 1 and offset for clarity. For either
PMMA or PS, the literature reference spectra are provided in purple.3#3°
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Fig. 3 Normalized average wIR-PHI signals for different-sized (a) PMMA and (c) PS nanoparticles. Normalization relative to the largest nanoparticle size
in each case. Corresponding SNR-values for (b) PMMA and (d) PS NPs. Blue (red) symbols represent data acquired in air (Nujol). Dashed blue lines
represent linear SNR fits to the smallest NP sizes. Green horizontal dashed lines represent SNR-defined LOD.

Fig. 3b and d summarize associated signal-to-noise ratios
(SNRs). For PMMA, SNR-values are as large as ~156 in larger
NPs. For PS, SNR-values as high as ~73 are seen. For r <
50 nm, whether PMMA or PS, improvements to the wIR-PHI
instrument now yield larger average SNR-values than those
previously reported. Most illustrative of this is that r = 28
(r = 24) nm PMMA (PS) particles are now observable with a
SNR value of 8.2 (11.6). This contrasts with previous efforts,
where only 7 > 50 nm PMMA or PS NPs could be detected using
either IR-PHI*® or wIR-PHL>'

In descending order by size, acquired PMMA NP SNR-
values are 139.2 £+ 25.6 (r = 134 nm), 100.3 + 12.7
(r=94 nm), 12.6 + 2.0 (r = 56 nm), and 6.8 £+ 1.0 (r = 28 nm).
Corresponding PS NP SNR-values are 73.4 + 20.2 (r = 106 nm),
31.5 £19.9 (r =51 nm), 26.5 £ 11.5 (r = 39 nm), and 11.6 £ 2.3
(r = 24 nm). Using a defined, limit-of-detection (LOD) of
SNR = 5 and a linear fit to the SNR data (dashed blue line,
Fig. 3b), we obtain a new 1727 cm ' PMMA NP LOD of
I'top = 22 nm. For PS (Fig. 3d, dashed blue line), an estimated
1450 cm ™! LOD is rop = 15 nm. In terms of absorption cross-
section (o), the new PMMA LOD iS 61.0p 1727em-1 & 3-33 x 107" cm®.
For PS, it iS 0ropissoem—1 ~ 1.5 x 10~ cm?® This latter

—14 CmZ

value compares favorably to o1op1450em-1 & 3 X 10
reported previously.”> The SI provides details of these orop

estimates.

Nanoscale Horiz.

To rationalize the above-observed behavior, the specimen
refractive index and transient volumetric changes to Agpackscat
in eqn (1) have been modeled. Fig. S38 plots contributions
of both Ag,, and Ag; to Aopacrscar @S functions of particle size
for PMMA NPs in air. Theoretical estimates employ PMMA'’s

thermo-optic (2—; =-12x10"* OC*I)SG and thermal expan-

. 1 0r .
sion (;6—;: 7 %x 1073 °C‘1)37 coefficients. n,, = 1 has been

assumed to model the surrounding medium as done
previously.”®

From comparison with experiment, it emerges that for
PMMA NPs with sizes between r = 50 and 150 nm, the dominant
contribution to Adpacrscar (i.€., their wIR-PHI signal contrast)
comes from the specimen’s thermo-optic coefficient. This
follows the conclusion previously reported in ref. 25. We also
observe that for sufficiently small particles (r < 50 nm), Ao,
and Ao, contributions are near equal, leading to a significant
diminishment of Agpaciscat-

We now investigate the influence of the surrounding med-
ium’s refractive index on wIR-PHI contrast by conducting
experiments with PMMA NPs embedded in Nujol. Nujol oil
has been used because it possesses MIR vibrational resonances
that do not strongly overlap with those of PMMA. The infrared
spectrum of Nujol oil is reported in the SI. Unfortunately, the

This journal is © The Royal Society of Chemistry 2026
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d r=28nm
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Fig. 4 1727 cm™t wIR-PHI images of individual PMMA NPs without (a)—(d) and with (e)—(h) a Nujol surrounding medium. Pictures are paired by size and

are normalized relative to one another. Scale bars: 500 nm.

same is not true with PS, given the overlap of Nujol’s 1450 cm ™"

resonance with PS’s 1450 cm ™' CH, bend. Other solvents such
as Fluorolube with large MIR transparency windows were
considered. None were found to be as compatible with PMMA
(or PS) as Nujol.

Fig. 4a-d show results of wIR-PHI measurements across the
studied PMMA size range in the absence of Nujol. Individual
PMMA NP 1727 cm ' SNR-values are 156 (r = 134 nm), 109
(r=94 nm), 14 (r = 56 nm), and 8 (r = 28 nm). Fig. 4e and f show
corresponding 1727 cm ™" images of individual r = 134 nm and
r =94 nm NPs in Nujol. Images were acquired under the same
experimental conditions as for specimens without Nujol.
Observed SNR-values are 58 (r = 134 nm) and 50 (r = 94 nm).
Table 1 summarizes average PMMA NP SNR-values without and
with a Nujol environment.

Of particular note is a SNR reversal for 7 = 56 and r = 28 nm
PMMA nanoparticles in Fig. 4g and h. Specifically, their Nujol
environment SNR-values are ~63 (r=56) and ~28 (r =28 nm).
This contrasts with ~14 (r = 56) and ~8 (r = 28 nm) without
Nujol. An approximate five-fold SNR enhancement is evident.
For larger NPs, the opposite is true and Nujol environment
SNR-values are approximately five-fold smaller than corres-
ponding SNR-values without Nujol. We therefore observe an
environment-induced crossover in wIR-PHI signal contrast for
PMMA NP sizes of the order r ~ 75 nm.

Although the above wIR-PHI signal modeling predicts a
significant diminishment of Aopacrsear @t small NP sizes, the
above data point to the existence of complex environmental

Tablel PMMA nanoparticle average SNR-values without and with a Nujol
environment

r (nm) SNR w/o Nujol SNR w. Nujol
134 139.2 £ 25.6 49 + 20

94 100.3 £+ 12.7 44 + 13

56 12.6 + 2.0 62 £ 7

28 6.8 £ 1.0 25 + 12

This journal is © The Royal Society of Chemistry 2026

dependencies. Some hints of this exist in the data. Backscatter-
ing cross-sections for small particles should exhibit a ° size
dependency due to Rayleigh scattering. Fig. 3, however, reveals
more gradual changes of wIR-PHI contrast with r*, where
o =1-2 (eppma = 1.79 and apg = 1.58).

Because eqn (1) does not consider any scattering contribu-
tions from the broader dielectric environment (i.e., substrate
and medium) surrounding a specimen, it has been modified.
Interactions of all fields scattered into the far field by the
probed specimen while in the presence/absence of the MIR
pump laser (denoted ‘“‘hot” and “cold” in what follows) are now
considered. In the absence of a MIR pump, the total electric
field scattered by a “cold” system contains two contributions,

1d 1d
Efc?tal = N(}) + Erefly (2)
where ES3 is the backscattered probe field from a cold NP and

E,.q is the reflected probe field at the air/substrate interface
atop which the particle sits.>® This is similar to scattering
considerations that are part of Interferometric Scattering
(iSCAT) microscopy.® Fig. 5a illustrates a schematic of the
NP specimen sitting atop a CaF, substrate along with the
relevant air/CaF, interface.

The total electric field scattered by a “hot” specimen simi-
larly consists of three contributions,

hot _ gphot
Etotal - ENP + Em + Ereﬂ;

®)

with ERY the backscattered probe field from a hot NP and E,
the backscattered field from the hot (surrounding) medium
(Fig. 5b).*>*" Heat transfer from the irradiated NP to the
medium is therefore considered. The observed wIR-PHI signal
is then proportional to the difference in power between hot and
cold specimens,

hot |2 old (2
S oC |Etota1 - | total

4)

old and E,.q are provided in

Detailed evaluations of EXp°,
the SI.

hot
ENP ’
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Fig. 5 Specimen schematic, consisting of polymer NPs deposited atop CaF, substrates. Air/Nujol dielectric environment surrounding the NP depicted in
light yellow. Air/CaF, interface depicted. (a) Cold conditions without MIR irradiation. (b) Hot conditions with MIR irradiation.

The above modeling indicates that for specimens embedded
in a dielectric medium, the observed wIR-PHI signal contrast
arises from two interferences. The first is between the scattered
field from the NP and the reflected probe field at the air/
substrate interface. The second is between the scattered field
from the NP’s surrounding medium and the same reflected
probe field at the air/substrate interface. This latter interaction
was not considered earlier in ref. 25.

When a NP’s surrounding dielectric medium is air, as in
ref. 25, an evaluation of Eqn 4 shows that wIR-PHI's signal
contrast is primarily due to the following difference:

Sair X Re([E}]:IOI; - Eﬁll’d} ’ :eﬂ)' (5)

This is because the electric field associated with light scattered
by air has a negligible magnitude compared to either Exgy or
ESY (Fig. $36). In eqn (5), the electric field difference in
brackets is related to our earlier discussion about competing
contributions of Ag,, and Ag; t0 Opackscar- AS seen in Fig. S38,
this difference means that S,;; — 0 for small NPs.

In Nujol, packscar dO€s not experience a Ag,/Ac, cancellation
at small NP sizes. This is highlighted in Fig. S40, which shows
Ac, dominating Ag, for all r. The wIR-PHI signal power in this
case is given by

Snujol X Re(Em ’ E;Feﬂ) + Re([Eklilofg - Elc\(l)fl’d} : :feﬂ)‘ (6)

An explicit evaluation of Eqn 6 is carried out in the SI. The
analysis shows that wIR-PHI's signal contrast in Nujol is
enhanced relative to that seen in air for NP sizes below
110 nm, the signal contrast in air is
larger than in Nujol. The model thus successfully predicts a
crossover of wIR-PHI signal contrast in Nujol over that in air at
small sizes (see Fig. S41), in excellent agreement with the
r & 75 nm crossover reported in Fig. 4.

At a microscopic level, the developed model reveals that at
small NP sizes (r < 50 nm, Fig. S39), the main contribution to
the wIR-PHI signal contrast comes from the interference

r ~ 110 nm. Above r ~

Nanoscale Horiz.

between the field scattered by the heated local medium, which
surrounds a specimen, and the reflected probe field at the
air/substrate interface. This agrees with the conclusions of
Berciaud et al.">*' who found that visible photothermal micro-
scopy’s detection limit is primarily dictated by the thermal
response of a specimen’s surrounding dielectric medium.

Conclusions

The current study refines our understanding about the origin of
MIR contrast in O-PTIR/IR-PHI photothermal images and spec-
tra. Through combined widefield and hyperspectral measure-
ments on individual PMMA and PS nanoparticles with radii as
low as r ~ 25 nm, we now establish that the O-PTIR/IR-PHI MIR
contrast contains contributions from light scattered by the
specimen and by its local dielectric environment. In particular,
accompanying theoretical modeling indicates that the observed
wIR-PHI contrast is complex and involves interference contri-
butions between the reflected probe field and that of the NP as
well as its surrounding dielectric medium. The latter dominates
for media where n,, > 1. A notable success of the model is its
prediction of a small particle size crossover in photothermal
contrast for particles embedded in air versus Nujol, which
occurs due to the interference between light scattered from a
specimen’s surrounding (hot) medium and backreflected probe
light. This aligns with existing, visible wavelength, photother-
mal studies and paves the way for future, single particle MIR
superresolution absorption measurements as well as studies in
complex environmental matrices.
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