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Validating free spectral range tracking as a robust
method for mitigating artifacts in VSC kinetics

*ab

Kaihao Gu, 242 Xinmin Zhao,1? Runling Peng*® and Feng Zhang

Vibrational strong coupling (VSC) has been reported to modify ground-state chemical reactivity; however,
quantitative interpretation of cavity-controlled kinetics depends critically on the spectroscopic observable
used to extract rate constants. Here, we systematically compare two commonly employed cavity readout
strategies—single-mode frequency shifts (Af) and free spectral range variations (AFSR)—using the VSC-
modulated deprotection of 1-phenyl-2-trimethylsilylacetylene (PTA) as a benchmark reaction. Reaction
kinetics were monitored in real time inside a Fabry—Pérot cavity, and rate constants were extracted using
a normalized first-order formalism. We show that single-mode tracking is sensitive to thermal drift and
global cavity perturbations, leading to systematic deviations in the extracted rate constant even for small
temperature variations (AT = 1 K). Under VSC conditions, AFSR-based analysis yields a reaction rate
suppression factor of approximately 5.1 relative to the non-cavity case, whereas Af-based analysis
reports only ~4.25-fold suppression. This discrepancy reflects the higher susceptibility of single-mode
observables to non-reactive perturbations. These results demonstrate that differential cavity observables
provide improved quantitative reliability for kinetic analysis under VSC and emphasize the importance of
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Introduction

Polaritonic chemistry, the control of chemical reactivity by
tuning the surrounding electromagnetic environment, repre-
sents a new frontier in chemistry."® A particularly promising
paradigm has emerged in the form of Vibrational Strong
Coupling (VSC), where the collective coupling of molecular
vibrations to the vacuum field of an optical microcavity creates
new hybrid light-matter states known as vibrational polaritons.
This non-invasive method modifies the molecular potential
energy landscape, thereby offering a novel handle to alter
ground-state chemical reactivity.**® Since the pioneering work
by Ebbesen and coworkers demonstrated a significant modifi-
cation of a Si-C bond cleavage rate under VSC,* the field has
expanded rapidly to showcase control over a wide array of
chemical processes, including catalysis,>'** enzymatic
activity”® and mode selectivity.>**** Recent studies have further
delved into the nuanced dependencies of this effect, exploring,
for example, how the choice of the coupled vibrational mode
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rigorous methodological validation in cavity-controlled chemistry.

can dramatically influence thermodynamic parameters and
reaction outcomes.>*>

Accurate in situ monitoring of reaction kinetics is paramount
for deciphering the underlying mechanisms of VSC. Two main
approaches based on Fabry-Pérot (FP) cavity transmission have
been employed for this purpose. One method tracks the
frequency shift (Af) of a single, high-order detuned mode,**>’
while the other tracks the change in the Free Spectral Range
(FSR) between two or more modes. Both methods are premised
on the principle that changes in the intracavity medium's
refractive index, caused by reactant consumption, will alter the
optical path length and thus the spectral features. However,
despite the concurrent use of these two approaches in the
literature, a systematic comparison of their reliability and
potential discrepancies under VSC conditions has been notably
absent, and the choice of method often appears arbitrary.

However, several recent reports suggest that the effects of
VSC should be re-examined,***"****?* making the need for such
a critical evaluation increasingly urgent. Recent work has begun
to highlight the susceptibility of FP-based measurements to
various artifacts.”®* More fundamentally, a theoretical under-
standing has emerged that VSC itself introduces a global change
to the cavity's dielectric environment, an effect that would
differently impact single-mode tracking versus ratiometric
tracking like FSR.>**® This raises a critical, unaddressed ques-
tion: are the Af and AFSR methods truly interchangeable, or
does one possess an inherent robustness that the other lacks?
Recent meticulous studies have implicitly acknowledged these
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challenges by calling for more rigorous calibration,* yet they
stop short of a direct, comparative dissection of the methods
themselves.

In this work, we directly investigate the potential optical
artifacts present in two in situ tracking methods. We provide the
first systematic, experimental deconstruction and comparison
of the Afand FSR kinetic tracking methods within the context of
VSC. We first systematically quantify two major sources of
potential error—macroscopic thermal drift and the intrinsic,
coupling-induced spectral artifact—and analyze their differen-
tial impact on each method. By conducting a comparison, we
demonstrate that the single-mode Af tracking method suffers
from significant nonlinearity and can introduce systematic bias
in the extracted rate constant. Conversely, we provide clear
experimental validation that FSR tracking effectively mitigates
these artifacts, yielding superior linearity and accuracy. Our
results resolve the long-standing ambiguity regarding the
choice of kinetic probe and establish a clear, evidence-based
guideline for reliable quantitative analysis in polaritonic
chemistry.

Experimental

Materials

The 1-phenyl-2-trimethylsilylacetylene (PTA) (98.5%), tetra-n-
butylammonium fluoride (TBAF), methanol (anhydrous, 99.5%)
and heavy water (D,O, 99.9 atom % D) were procured from
Sigma-Aldrich (Merck Co., Ltd, Shanghai, China). A stock
solution of TBAF (3 M) was prepared in methanol. PTA was di-
ssolved in methanol to obtain the desired initial concentration
at 3.33 M. All chemicals were used as received without further
purification.

Fabry-Pérot cavity assembly and characterization

The FP cavity was assembled by sandwiching a Teflon spacer
between the two gold-coated CaF, mirrors. The mirrors con-
sisted of CaF, substrates coated with a 10 nm Au reflective layer
and subsequently covered with a 100 nm SiO, insulating layer.
The cavity length was defined by Teflon spacers of varying
thickness. This assembly was then mounted in a demountable
liquid cell. The cavity was filled with the sample liquid (e.g:,
H,0, D,0, or PTA solutions) via injection into the cell ports. The
optical path length (L) of the cavity was not measured
mechanically but was precisely determined in situ from the
transmission spectrum of the cavity filled with a neat solvent of
known refractive index (n). The FSR, which is the frequency
spacing between adjacent cavity modes (m and m + 1), was used
to calculate L according to the formula:

10*
Llm) = 5 S FsR{em ™) (1)

Spectroscopic measurements

All transmission spectra were recorded using a Nicolet IS 5
Fourier-transform infrared (FTIR) spectrometer. Unless other-
wise specified, all spectra were recorded at a controlled
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temperature of 25 £ 0.1 °C. For each spectrum, 36 scans were

co-added at a resolution of 0.2 cm™*.

Experimental procedures

Thermal drift measurements. A cavity filled with neat H,O/
D,O/PTA at room temperature was placed into the sample
compartment of the FTIR spectrometer with specific tempera-
ture. Transmission spectra were recorded immediately and
subsequently at 5 minute intervals for a total duration of 4
hours to monitor the frequency drift of the cavity modes and the
FSR.

Coupling-induced artifact measurements. FP cavities of
different lengths were filled with D,0. The cavity lengths were
specifically chosen such that the O-D stretching vibration of
D,0 (~2500 cm™') was brought into resonance with different
cavity modes (m = 1 to 8). For each cavity, a full transmission
spectrum was recorded to analyze the frequency shifts of all
high-order, detuned modes.

Calibration curve measurements. A series of standard PTA
solutions with concentrations ranging from 0.02 to 3.0 M were
prepared by serial dilution of the stock solution. The cavity was
first filled with pure methanol to obtain a reference spectrum
(Cpra = 0 M). Subsequently, the cavity was filled with each
standard solution in order of increasing concentration. After
each measurement, the cavity was thoroughly flushed with pure
methanol and dried with a stream of nitrogen gas to prevent
cross-contamination.

PTA deprotection reaction

The desilylation of PTA was performed in methanol using TBAF
as the fluoride source. The reaction was initiated by adding 10
uL of the TBAF (3 M) stock solution to 90 pL PTA (3.33 M)
solution under vigorous mixing to ensure homogeneity. The
reaction proceeds via fluoride-induced cleavage of the tri-
methylsilyl group to yield the corresponding terminal alkyne.
The reactant and product exhibit slightly different refractive
indices, enabling kinetic monitoring through changes in the
optical response of the reaction medium.

For kinetic analysis, the reaction progress was followed in real
time by tracking the temporal spectral shift of a selected optical
mode. The maximum spectral shift corresponding to complete
conversion (Ax) was determined independently from control
experiments. The completion point was defined from an inde-
pendently prepared endpoint sample with the same final solvent
and reagent composition, after the reaction was allowed to
proceed until no further measurable spectral shift was observed.
Assuming apparent first-order conditions, the rate constant was
extracted from the linear fit of In(1 — AS/AS;ng) = —kt.

Data analysis

All spectral data were processed using custom scripts written in
Origin. The precise positions of the cavity modes (f;,) were
determined by fitting the transmission peaks to a Lorentzian
function to find the peak. Unless otherwise specified, AFSR was
extracted from two adjacent high-order cavity modes located
above 6000 cm ™' to minimize perturbation from molecular
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absorption and coupling-induced dispersion (e.g., FSR = f,,.1 —
)

The relative shifts, Af/f, and AFSR/FSR,, were calculated with
respect to the values obtained from the neat solvent (f, and
FSRy). Linear regression analysis of the calibration data was
performed using the linearfit function from Origin. The key
statistical parameters, including the slope, the coefficient of
determination (R”), and the standard deviation of the residuals,
were extracted directly from the fitting results. The percentage
of rate underestimation was calculated as |kpsr/ks — 1| x 100%,
where kpsg and k¢ are the slopes of the respective calibration
curves.

The reaction kinetics were extracted using a normalized
spectral-response formalism applicable to both cavity observ-
ables employed in this work. The time-dependent signal shift,
denoted as ASy, represents either Af or AFSR. The maximum
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signal change at reaction completion, AS;,s was determined
independently from control measurements.

Under apparent first-order conditions, the reaction progress
can be expressed in terms of the fractional conversion, which is
proportional to the normalized spectral response: In(1 — AS,/
ASing) = —kt.

The rate constant k was obtained from the slope of the linear
fit of the semi-logarithmic plot. Importantly, this normalization
procedure eliminates trivial proportional scaling differences
between observables and ensures that both Af- and AFSR-based
analyses probe the same underlying kinetic process.

Results and discussion

The experimental concept and analytical methodology investi-
gated in this work are schematically outlined in Fig. 1. At the
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Fig. 1 Structural design and optical response of the Fabry—Pérot cavity under VSC. (a) Schematic illustration of the FP cavity structure. The IR
windows are typically fabricated from infrared-transparent materials such as CaF, or ZnSe. The isolation layer is formed by spin-coating or vapor
deposition of a chemically inert material that does not react with the solvent or substrate under study; commonly used materials include PMMA,
PVA, PDMS, or SiO,. The reflective layer consists of highly reflective metals such as Au or Ag. (b) During a reaction under VSC, the transformation
from substrate to product induces a change in refractive index within the cavity medium. (c) Infrared spectra of the FP cavity mode (m = 7) before
and after coupling with D,O. The resonance peak at 6833 cm™ exhibits an apparent shift of approximately 1610 cm™, corresponding to an
apparent refractive index change of ~0.333. (d) Transmission spectra recorded at different PTA concentrations. Beginning at 5000 cm ™2, the
resonance peaks are labeled sequentially as Py, P,, Ps, etc., clearly illustrating the systematic migration of the cavity resonances with increasing
concentration.
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core of our study is a FP cavity, assembled from two parallel
mirrors enclosing the reacting medium, as depicted in Fig. 1a.
The central premise of kinetic monitoring is that the reaction-
induced change in refractive index alters these spectral
features. The conventional approach, conceptually illustrated in
Fig. 1b, tracks the frequency shift (Af) of a single, detuned probe
mode. However, this method is susceptible to artifacts. A typical
transmission spectrum obtained from this cavity reveals a series
of resonant modes superimposed on the absorption profile of
the molecular species (Fig. 1c). In contrast, this work validates
an alternative method, shown in Fig. 1d, which tracks the
change in the FSR—the frequency spacing between two adja-
cent modes. The following sections will present a systematic,
experimental comparison to demonstrate the superior robust-
ness and accuracy of the FSR method.

Resonance drift induced by thermal instability

Before interrogating the intrinsic effects of VSC, it is imperative
to assess the baseline stability of the FP cavity platform
commonly employed in VSC experiments—specifically, whether
the cavity resonance frequencies remain stable under non-
reactive conditions. Several routine verification steps are typi-
cally performed. After assembling the microfluidic cavity,
researchers generally allow the system to rest for approximately
1 hour to achieve pressure equilibration within the cavity.** The
cavity mode frequencies are then re-measured; if significant
deviations are observed, the cavity alignhment is readjusted,
followed by another equilibration period. This procedure is
repeated until the cavity mode frequencies stabilize. Subse-
quently, the reaction solution is introduced, and after a desig-
nated reaction period, the solution is either withdrawn for ex
situ analysis or monitored in situ for kinetic measurements.

Regardless of whether in situ or ex situ detection is employed,
an unavoidable question arises: does the cavity itself undergo
changes during the reaction? More specifically, do the reso-
nance peaks shift over time? This issue is particularly critical
because the magnitude of VSC-induced effects depends sensi-
tively on cavity detuning and the Rabi splitting energy. Any
unintended drift in cavity resonance during the reaction may
therefore confound kinetic interpretation. This issue is critical
for any kinetic experiment requiring long-term monitoring.
Here, we investigate a potentially overlooked source of error—
cavity mode drift induced by thermal equilibration—and
demonstrate that the resulting deviations are far from
negligible.

Under conditions of a small initial temperature difference
(AT = 5K), we continuously monitored the frequencies of high-
order resonant modes in a Fabry-Pérot cavity. As shown in
Fig. 2a, the cavity modes exhibited pronounced and persistent
drift. A resonance initially located at approximately 5543 cm™"
experienced a frequency shift of up to 32.8 cm™" over a 4 h
relaxation period, corresponding to a relative change of about
0.59%. In comparison, the corresponding FSR shift was
approximately 2 cm™' relative to an initial FSR of about
430 cm ™, corresponding to a relative change of about 0.47%.
Although both observables are affected by thermal relaxation,
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the FSR-based observable exhibits a slightly smaller relative
drift and, more importantly, partially suppresses common-
mode spectral translations that would directly affect single-
mode tracking. In the lower-frequency region (~850 cm '),
corresponding to the PTA resonance, a blue shift of approxi-
mately 4.7 cm ™" was observed (Fig. 2b).

When varying the initial temperature difference (AT = 1, 3,
and 5 K), the resulting Af,,, values were 18.3, 25.1, and
32.8 cm™ !, respectively, while AFSR,4, amounted to 0.9, 1.7, and
2 em™' (Fig. 2¢). The drift process displays characteristic
thermal relaxation behavior, with the most rapid frequency
changes occurring within the first hour of measurement
(Fig. S1).

These findings reveal a serious and frequently overlooked
issue in long-duration kinetic studies. The phenomenon origi-
nates from the multi-component thermal exchange dynamics
intrinsic to the FP cavity system. An initial temperature gradient
establishes a pronounced thermal imbalance between the
interior and exterior of the cavity. Since heat conduction rates
scale with the magnitude of the temperature gradient, rapid
heat exchange occurs via thermal conduction and micro-
convective flows within the cavity liquid. Moreover, the CaF,
windows, gold reflective layers, Teflon spacers, and intracavity
liquid possess substantially different heat capacities and
thermal conductivities. This mismatch results in transient
temperature nonuniformity across components, leading to
dynamic variations in the effective optical path length.
Concurrently, incomplete thermal diffusion within the cavity
liquid produces spatial refractive index inhomogeneity, further
amplifying resonance frequency fluctuations. As thermal
relaxation proceeds, the temperature gradient diminishes, the
components reach thermal equilibrium, the refractive index
regains spatial uniformity, and the rate of frequency drift
correspondingly slows.

A frequency drift as large as 30 cm ™', if mistakenly attributed
to reaction progress, would introduce substantial quantitative
inaccuracies. This issue is even more difficult to avoid in
experiments conducted under nominal “room temperature”
conditions. We therefore examined the high-order mode drift of
an empty cavity left under ambient laboratory conditions
during natural day-night temperature fluctuations. As the
temperature varied from 295 K to 299 K and subsequently to 296
K, cumulative frequency deviations of up to ~30 cm™* were
observed (Fig. 2d). These results indicate that strict thermal
equilibration before kinetic measurements is necessary. To
further evaluate the cavity stability after thermal equilibration,
we monitored the cavity-mode drift of multiple independent
microcavities over 4 h before and after PTA injection (Fig. S2-
S4). As summarized in Table S1, the maximum drift after PTA
injection was 2.1208 cm ™" over 240 min, which is much smaller
than the drift observed under non-equilibrium thermal relaxa-
tion or uncontrolled ambient-temperature fluctuation. These
results demonstrate that, after sufficient thermal equilibration,
the microcavity exhibits good stability over the timescale rele-
vant to the kinetic measurements.

To illustrate the quantitative consequence, in experiments
tracking the reaction of PTA, an FSR shift of merely 2 cm ™"

RSC Adv, 2026, 16, 26438-26447 | 26441
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Fig. 2 Thermal relaxation—induced cavity drift and equilibration behavior. (a) Thermal relaxation—induced frequency drift of the m = 10 cavity
mode under nonequilibrium conditions with AT = 5 K, monitored over 240 min. The resonance exhibits a maximum FSR shift of approximately
2 cm~tand a total frequency drift Af of 32.8 cm™. (b) Thermal relaxation—induced drift of the m = 2 cavity mode under AT = 5 K over 240 min,

yielding a frequency shift of Afp, = 4.7 cm™2.

(c) Frequency deviations (fa7) arising from thermal drift within a 240 min time window under

different initial temperature differences (AT = 1, 3, and 5 K). (d) Cavity equilibration process over 12 h under ambient room-temperature
conditions, illustrating resonance drift driven by natural environmental temperature fluctuations.

corresponds to a concentration reading error as large as 0.16 M.
These results strongly indicate that any method relying on the
absolute frequency of a single resonance peak (Af) is highly
susceptible to environmental thermal fluctuations, thereby
calling its reliability into question. Accordingly, a measurement
strategy capable of intrinsically compensating for resonance
mode drift is a prerequisite for obtaining trustworthy kinetic
data. Before interrogating more subtle coupling-induced
effects, it is therefore essential to identify a methodology that
can inherently suppress such macroscopic thermal drift.

Global influence of coupling on cavity modes

Beyond external environmental perturbations, we further
investigated a deeper, intrinsic measurement artifact arising
from the VSC effect itself. Recent theoretical work by Thomas>
predicts that the formation of strong light-matter coupling
modifies the dispersion relation of the intracavity medium over
a broad spectral range, thereby inducing global blue or red
shifts in all cavity modes, depending on their relative detuning
with respect to the molecular resonance. The present study

26442 | RSC Adv, 2026, 16, 26438-26447

provides direct experimental validation of this theoretical
prediction.

We constructed systems in which the O-D stretching vibra-
tion of D,O (~2500 cm™ ') was resonantly coupled to cavity
modes of different orders (m = 1-8) (Fig. S5). We then precisely
measured the apparent refractive index variation of highly
detuned “probe” modes located far from the coupling region
(>3000 cm ™), expressed as Af}f,. As shown in Fig. 3a, even these
strongly detuned resonances exhibited systematic frequency
shifts induced by strong coupling in the low-frequency region.
The resonance frequency positions are intrinsically and globally
correlated with the light-matter coupling strength inside the
cavity. The magnitude of the shift is more pronounced for
modes closer to the coupling region and gradually approaches
a stable but nonzero plateau as the probe frequency increases.

We further examined probe modes in the mid-high-
frequency (>5000 cm ') and high-frequency (>6000 cm™*)
regions. When Af/f, was used for quantitative detection and
a probe frequency in the >5000 cm ™" region was selected, the
standard deviation (SD) reached 0.0033, corresponding to
a systematic deviation of approximately 20 cm ™~ for a resonance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Apparent refractive index extraction using single-mode
tracking and differential FSR analysis. (a) Apparent refractive index
changes of D,O stretching vibrations coupled with the 1st to 8th
modes of the FP cavity, extracted via Af. Different colors correspond to
apparent refractive indices extracted from the high-frequency region
above 3000 cm™? for each coupling order. The x-axis represents the
peak index from low to high frequency. (b) Apparent refractive index
changes of D,O stretching vibrations coupled with the 1st to 8th FP
modes, extracted via Af. Different colors indicate data from the high-
frequency region above 5000 cm™! and solid circles represent
apparent refractive indices above 6000 cm™. The x-axis is the peak
index from low to high frequency. (c) FSR changes of D,O stretching
vibrations coupled with the 8th cavity mode, extracted via AFSR. Peaks
closer to higher frequencies correspond to larger FSR values. For
resonances above 5000 cm™, FSR remains stable, with AFSR/FSRq
standard deviation of 5.11252 x 10~*. For peaks above 6000 cm ™, FSR
is fixed at 314.36 cm™L, with An/n standard deviation of 6.04595 x
107>
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near 5000 cm~ ‘. When probe modes of high-frequency region
were selected, the SD decreased to 0.0017 (corresponding to
~10 ecm ™) (Fig. 3b).

These results indicate that coupling-induced dispersion
effects, combined with refractive index inhomogeneity of the
solution, can introduce significant systematic errors in reac-
tions involving small refractive index changes. In general, such
errors can be mitigated by selecting higher-frequency probe
modes that are further removed from regions of strong dielec-
tric dispersion. The quantitative concentration error scales with
the overall apparent refractive index of the reacting system; for
a medium with an apparent refractive index of 1.20, the
resulting quantitative deviation is on the order of ~0.002 in
relative refractive index.

We performed analogous experiments by coupling the O-H
stretching vibration of H,O (~3400 cm ™) to cavity modes with
different orders (m = 1-8). Because of the combination bands
associated with O-H stretching and bending vibrations, a weak
absorption feature appears near 5600 cm ™', which perturbs the
probe modes located in this spectral region. According to the
Kramers-Kronig relations, this absorption feature is accompa-
nied by a local dispersive change in the real part of the refractive
index, thereby affecting the apparent positions of nearby probe
modes. In contrast, the corresponding air-filled empty cavities
designed for these coupling conditions exhibit excellent FSR
consistency across different cavity orders (Fig. S6). This
comparison indicates that the apparent variation observed near
5600 cm ' does not arise from cavity fabrication or mode-order-
dependent FSR mismatch, but from the intrinsic absorption-
dispersion response of the H,O-filled cavity system. Conse-
quently, when water is used as a solvent in VSC experiments,
this combination band near ~5600 cm ™" can significantly per-
turb probe modes in that wavenumber range, leading to
apparent refractive index measurement bias. In practice, probe
modes above 6000 cm™' should therefore be preferentially
selected. If experimental constraints require operation near
5600 cm ™ ', water should be avoided as the reaction solvent to
eliminate interference from combination-band absorption.

Given that the study on the frequency-shift quantification
method demonstrated that probe modes in the high-frequency
region exhibit better stability, we subsequently investigated the
quantitative stability of using FSR as a sensing metric across
different spectral regions. As shown in Fig. 3¢, when AFSR is
used as the observable to analyze the high-frequency probe
modes after coupling the D,O stretching vibration with the 8th
cavity mode, FSR extracted from different high-frequency
regions still exhibits certain quantitative differences. Overall,
peaks located closer to the higher-frequency side correspond to
larger FSR values, indicating that even far away from the main
coupling region, the spacing between probe modes can still be
affected by global dispersion renormalization in the strong-
coupling system. However, when the probe peaks are selected
above 5000 cm™", the FSR already shows good stability, with
a standard deviation of AFSR/FSR equal to 5.11252 x 10~*
When the probe window is further restricted to above
6000 cm ™', the FSR becomes essentially fixed at 314.36 cm ™",
and the corresponding standard deviation of An/n is further
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reduced to 6.04595 x 10 °. These results indicate that although
the AFSR readout still shows distinguishable regional differ-
ences across different high-frequency ranges, selecting probe
modes above 6000 cm ™" can significantly reduce the quantita-
tive error and is therefore more suitable as a stable and reliable
differential probe window for subsequent sensing and kinetic
analysis.

According to the Kramers-Kronig relations, any change in
molecular absorption during chemical conversion is accompa-
nied by a corresponding dispersive change in the real part of the
refractive index. As a result, reaction-induced changes in the
composition of the intracavity medium can generate
wavelength-dependent refractive-index variations. This effect is
most pronounced near molecular absorption bands and
becomes weaker in far-detuned spectral regions where the
dispersion is smoother. For VSC kinetic studies, this means that
the conventional single-mode frequency-shift readout may
contain not only the genuine refractive-index change associated
with chemical conversion, but also coupling-induced global
spectral perturbations arising from changes in collective light-
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matter coupling strength during the reaction. Because these
contributions are superimposed in the absolute frequency shift
of a single cavity mode, Af may not faithfully represent reaction
progress without careful calibration or correction. This limita-
tion motivates the use of differential cavity observables, such as
AFSR, for more robust kinetic analysis.

Methodological benchmarking of FSR tracking

Given that single-mode tracking Afis simultaneously vulnerable
to thermal drift and coupling-induced artifacts, we propose that
monitoring the FSR between two high-order modes
(>6000 cm ™) constitutes a more reliable quantitative strategy.
In principle, because the FSR represents the frequency spacing
between adjacent modes, it inherently suppresses common-
mode errors that manifest as global spectral translations
affecting all resonances similarly.

To directly benchmark the two methodologies, we employed
a model system in which the C-Si stretching vibration of PTA
(~850 cm ™ ') was resonantly coupled to the m = 3 cavity mode of
a Fabry-Pérot cavity. A series of PTA solutions with varying
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Fig. 4 Strong coupling characterization and concentration-dependent calibration of cavity observables. (a) The 3rd cavity mode coupled with
the C—Si resonance of 2 M PTA at 850 cm™, forming a Rabi splitting with upper and lower polariton branches (UP and LP), resulting in a Rabi
splitting width of 90 cm™. (b) Rabi splitting obtained from the 3rd cavity mode coupled with PTA at different concentrations, showing a linear
relationship with [PTAIY2. (c and d) Standard curves of AFSR/FSR, or Af/f, versus concentration for the 3rd cavity mode coupled with PTA at
various concentrations. The slopes correspond to AFSR. In a wide concentration range (0.02—-3 M) in (c), Peak 1, Peak 2, and AFSR have slopes of
0.02914, 0.02952, and 0.02950, respectively. In a narrow concentration range (2-3 M) in (d), the slopes are —0.03013, —0.03143, and —0.03136,
with a difference in rate of ~0.0013.
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concentrations were prepared, and calibration curves were
constructed simultaneously using both Af and AFSR
approaches. As shown in Fig. 4a, coupling between the third-
order cavity mode and 2 M PTA produced a Rabi splitting of
approximately 90 cm ™. The cavity linewidth was 45 cm™*, and
the molecular linewidth was 36 cm ™", satisfying the criterion for
strong coupling. Moreover, the Rabi splitting exhibited the ex-
pected linear dependence on the square root of concentration
(Fig. 4b), consistent with strong coupling. Fig. 4c and d present
a direct comparison of the two quantification methods. Over
a wide concentration range (0.02-3 M), both methods yielded
reasonably linear fits. The slopes obtained for AFSR, Peak 1, and
Peak 2 were 0.02914, 0.02952, and 0.02950, respectively.
However, within a narrower concentration window (2-3 M), the
slopes became —0.03013, —0.03143, and —0.03136, corre-
sponding to a difference in response rate of approximately
0.0013 M~ '. Importantly, Fig. 4d shows that the calibration
curve constructed from high-order resonance shifts (Aflfy)
exhibits noticeable nonlinearity. As the PTA concentration
increases, the coupling strength correspondingly increases, and
the probe modes undergo additional nonlinear frequency shifts
beyond those arising purely from refractive index variation. This
effect distorts the concentration response.

In sharp contrast, the calibration curve based on FSR varia-
tion (AFSR/FSR,) demonstrates excellent linearity across the
entire concentration range. If researchers were to rely on the
conventional Af/f, method for kinetic calibration and
measurement, they would systematically overestimate the true
reactant consumption (or product formation) rate by approxi-
mately 4.14%. This finding confirms that coupling-induced
dielectric modifications indeed perturb resonance-frequency-
based quantification. By contrast, FSR-based quantification
partially cancels resonance drift errors and corrects the asso-
ciated systematic deviation, yielding a more faithful represen-
tation of concentration changes under VSC conditions.

Benchmarking kinetic readout strategies under VSC

To rigorously assess the quantitative reliability of different
spectroscopic observables in cavity-controlled chemistry, we
benchmarked two kinetic readout strategies using the well-
established VSC-modulated deprotection of PTA. We first
examined the susceptibility of cavity-based kinetic analysis to
thermal drift. In the absence of active temperature stabilization,
even a modest fluctuation of AT = 1 K induces a deviation of
~12.5% in the extracted rate constant (Fig. 5a). The corre-
sponding kinetic traces exhibit pronounced deviations from
linearity in the semi-log representation, highlighting the
intrinsic sensitivity of single-mode frequency tracking to global
cavity perturbations. These results underscore that thermal
drift is not a secondary correction but a dominant systematic
error source in cavity-based kinetic measurements.

We then performed real-time monitoring of the PTA reaction
at 3 M under strong vibrational coupling (Fig. 5b). Non-cavity
control experiments (=3 independent runs) yielded a slope of
—0.051, consistent with literature values and confirming the
intrinsic reproducibility of the reaction system. Under VSC

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kinetic analysis of the PTA deprotection reaction under VSC. (a)
Influence of temperature variation on the extracted reaction kinetics
inside the cavity. In the absence of active thermal stabilization, even
a small temperature difference (AT = 1 K) leads to a significant devi-
ation from linear first-order behavior in the semi-logarithmic repre-
sentation, corresponding to an apparent error of ~12.5% in the rate
constant. (b) Real-time monitoring of the PTA reaction under VSC at an
initial concentration of 3 M. Rate constants were independently
extracted using AFSR and Af readout methods according to the
normalized first-order expression. The AFSR-based analysis yields
a stronger rate suppression (~5.1-fold relative to the non-cavity case)
compared to the Af-based analysis (~4.25-fold), demonstrating that
single-mode tracking underestimates the magnitude of VSC-induced
reaction suppression. Data were extracted from the temporal shift or
FSR variation of a high-order cavity mode.

conditions, kinetic analysis based on AFSR and Af readouts
yielded slopes of —0.010 and —0.012, respectively. This corre-
sponds to a ~17% discrepancy in the extracted rate constant
between the two observables. Using the AFSR-derived rate
constant, the reaction is suppressed by a factor of 5.1 under VSC
relative to the non-cavity case. In contrast, analysis based on Af
underestimates the magnitude of suppression, yielding a factor
of only 4.25. Thus, the choice of cavity observable directly alters
the quantitative interpretation of vacuum-field-modified
reactivity.

The divergence between the two readouts reflects their
fundamentally different sensitivities to cavity perturbations.
The Af observable tracks the absolute shift of a single cavity
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mode and is therefore susceptible to global spectral translations
arising from temperature variations, cavity-length fluctuations,
and coupling-induced modifications of the effective dielectric
environment. By contrast, AFSR represents a differential
measurement between adjacent cavity modes. As a conse-
quence, common-mode spectral shifts largely cancel, rendering
AFSR intrinsically more robust against non-reactive perturba-
tions. Crucially, when the total chemical conversion during the
monitored reaction period is small—as in the present system—
nonlinearities in the relationship between Afand concentration
cannot be averaged out. Even subtle deviations from linear
proportionality between Af and chemical conversion translate
into systematic bias in the extracted rate constant. Although
normalization by the asymptotic shift (A«) eliminates trivial
scaling errors, it does not compensate for additive drift or
concentration-dependent nonlinear response. The resulting
bias manifests as an overestimation of the apparent reaction
rate and, consequently, an underestimation of the degree of
VSC-induced rate suppression.

These findings demonstrate that differential cavity observ-
ables provide a quantitatively superior basis for extracting
kinetic parameters in VSC-modified reactions. More broadly,
they emphasize that methodological artifacts can masquerade
as mechanistic effects if the physical origin of the spectroscopic
observable is not carefully disentangled from the chemical
signal. Establishing robust readout strategies is therefore
essential for the reliable interpretation of cavity-controlled
chemistry.

Conclusions

In this work, we critically examined the quantitative reliability
of cavity-based kinetic readout strategies in vibrational strong
coupling experiments. By benchmarking two spectroscopic
observables in a prototypical VSC-controlled PTA deprotection
reaction, we demonstrate that the choice of cavity observable
has a direct and substantial impact on the extracted rate
constant. While both Af and AFSR methods capture the quali-
tative trend of VSC-induced reaction suppression, they yield
quantitatively different kinetic parameters. The AFSR-based
analysis reveals a ~5.1-fold reduction in reaction rate under
VSC, whereas the Af-based approach reports only ~4.25-fold
suppression, thereby significantly underestimating the true
magnitude of cavity-induced reactivity modulation. This
discrepancy arises from the greater susceptibility of single-
mode frequency tracking to thermal drift, cavity perturba-
tions, and concentration-dependent nonlinear response. These
findings indicate that even modest systematic distortions in
spectroscopic readout can translate into substantial underesti-
mation of vacuum-field-induced kinetic effects. Differential
cavity observables, such as AFSR, intrinsically suppress
common-mode perturbations and provide a more faithful
representation of refractive-index changes associated with
chemical conversion.

Beyond the specific PTA system studied here, our results
emphasize that rigorous methodological validation is essential
for the reliable interpretation of cavity-modified chemistry.
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Establishing robust kinetic readout strategies is critical for
advancing the quantitative foundation of vibrational strong
coupling and for distinguishing genuine cavity-induced reac-
tivity changes from measurement-induced artifacts. When
endpoint sampling is feasible, cross-validation using indepen-
dent analytical techniques, such as GC, NMR, or HPLC, is
generally encouraged.** Nevertheless, time-resolved sampling
in conventional static FP microcavities remains challenging
because of the limited cavity volume and the risk of disturbing
the VSC condition during sampling. Recently developed
continuous-flow FP-cavity systems provide a promising meth-
odological route to overcome this limitation by expanding the
reaction volume and enabling controlled residence-time
measurements.*® Future integration of such flow-based VSC
platforms with independent analytical methods may provide
a more comprehensive strategy for validating cavity-modified
reaction kinetics.
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