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Abstract

In this study, we systematically investigated the adsorption behavior of a titanium-based
metal-organic framework (MOF) sensing layer on five primary alcohol homologs using
the quartz crystal microbalance (QCM) technique. Unexpectedly, response signals were
significantly enhanced for molecules exceeding the framework’s pore dimensions, contra-
dicting conventional molecular sieving models. Further investigations revealed that the
adsorption time constant (7,) is linearly proportional to the molecular diameter (R? = 0.952)
and the integral response (AUC) increases almost exponentially with the molecular weight
(R? = 0.891). Although the effective diffusion coefficient (D) decreases with increas-
ing molecular size (Deg o< d =596 R2 = 0.981), the normalized diffusion hindrance ratio
(Deft/ Dgas) decreases logarithmically with an increasing diameter. Larger responses result
from stronger host—guest interactions with the framework despite significant diffusion
limitations for larger molecules. These findings demonstrate the synergistic regulation
of adsorption and diffusion in MOF-QCM systems. Our investigation experimentally
elucidates the "size-selectivity paradox’ in microporous sensing interfaces and establishes a
quantitative framework for optimizing sensor performance through balanced control of
diffusion kinetics and interfacial interactions in similar materials.

Keywords: metal-organic frameworks; quartz crystal microbalance; sorption kinetics;
host—guest interactions; molecular sieving; structure—property relationships

1. Introduction

The detection of volatile organic compounds (VOCs) presents critical analytical chal-
lenges across various fields, including environmental monitoring [1], industrial process
control [1], clinical disease diagnosis [2], and food quality assessment [3]. In complex
matrices, traditional sensing methods face fundamental limitations in terms of sensitiv-
ity, selectivity, and stability, particularly when distinguishing structurally similar trace
analytes, despite recent technological advancements. These limitations urgently necessi-
tate innovative sensing architectures that transcend conventional detection methods [4].
By strategically combining improved conversion mechanisms with precision-engineered
microporous materials, the development path for next-generation sensing platforms has
been broadened to meet the increasingly stringent analytical requirements of a wide range
of applications.

Quartz crystal microbalance (QCM) technology, with its nanogram-level mass sensi-
tivity, real-time label-free signal output, and high integration potential, has emerged as an
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excellent choice for gas sensing applications [5]. Unlike spectroscopic or electrochemical
techniques that often require complex signal conversion pathways, QCM operates based
on the direct piezoelectric principle. This principle converts mass adsorption events into
precise frequency changes via the Sauerbrey relationship, establishing a direct correlation
between quantifiable sensing results and molecular interaction phenomena. Metal—-organic
frameworks (MOFs) demonstrate exceptional molecular recognition potential in the surface-
sensitive layer—a critical component in QCM sensor optimization [6]. Their modular crystal
coordination network structure confers exceptional structural flexibility, enabling precise
tuning of adsorption energy, surface functionality, and pore size (0.3-2.0 nm) [7]. As a
result, MOF-based QCMs serve as an ideal platform for studying molecular recognition pro-
cesses, featuring crystallographically defined binding sites, tunable chemical environments,
and extensive surface areas.

The current theoretical framework primarily relies on simplified molecular sieve
models, assuming that the kinetic diameter of target molecules must be smaller than
the framework pore size to enable effective detection [8]. Although significant progress
has been made in the development of MOF-functionalized QCM sensors as shown in
Table 1, this static geometric model fails to accurately predict experimental observations
in many MOF systems [9]. This is because unexpected enhanced responses often occur
when molecular sizes approach or exceed the nominal pore size. Recent studies [10] have
emphasized the importance of understanding the dynamic structure-property relationships
in nanocomposite-enabled chemical sensors. This paradigm suggests that, to accurately
predict sensing behavior, the framework must integrate structural dynamics, energy consid-
erations, and kinetic factors, as static models have limitations. These findings indicate that
molecular recognition in microporous frameworks is not limited to simple size exclusion
but is characterized by multifaceted host-guest interactions, including framework flexibil-
ity (e.g., ‘breathing” or ‘gate opening’ phenomena) [11,12], specific enthalpic contributions
from directed host-guest interactions [13], synergistic adsorption effects, and contributions
from multiple adsorption sites. This understanding necessitates the development of a
structure—function mapping framework capable of integrating experimental results (even
seemingly contradictory ones) and establishing robust principles for predicting the design
of sensing materials.

Table 1. Comparison of MOF-based QCM sensors for VOC detection.

Sensitivity Response Time

MOF Type Target VOCs (Hz-ppm~1) s) LOD (ppm) Reference
. H,0, MeOH,
UiO-66-NH; EtOH, IPA, 0.0007-0.0169 <60 ~10 Okur et al.,
SURMOF n-Hex, Tol, 2024 [14]
p-Xylene
MIL-101 (Cr) MeOEI)AEtOH’ up to 2.793 <120 1.6-3.1 Haghighi et al.,
Acetone, DCM, .
Pyridine (pyridine) 2019 [15]
MeOH, EtOH,
MIL-125-NH, 1-Pentanol, 0.06-0.435 5-1550 0.026-0.19 This work
1-Hexanol,
1-Decanol

While other MOF materials have been previously explored for gas sensing applica-
tions, MIL-125-NH) offers unique advantages for alcohol detection that have not been
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systematically investigated. Unlike copper-based MOFs (e.g., HKUST-1) that can un-
dergo partial degradation in the presence of alcohol vapors, or zinc-based frameworks
(e.g., ZIF-8) with limited polar interaction sites, MIL-125-NH; combines exceptional chemi-
cal stability with amino-functionalized pores that can establish specific hydrogen bonding
with alcohol hydroxyl groups. Additionally, the photocatalytic properties of MIL-125-
NH; under visible light provide potential for self-regeneration capabilities not present
in other MOF systems, which could extend sensor lifetime during prolonged alcohol va-
por exposure. These distinctive features, combined with the titanium-based framework’s
biocompatibility, make MIL-125-NH, an ideal yet underexplored candidate for alcohol
sensing applications. Based on the following strategic considerations, the representative
amino-functionalized titanium MOF material MIL-125-NH, was selected as the model sys-
tem. Using a homologous series of primary alcohols (methanol to 1-decanol) as molecular
probes with systematic size variation and consistent functional groups, we establish quan-
titative structure-response relationships by analyzing amplitude, kinetics, and diffusion
behavior. Surprisingly, when the molecular size exceeds the framework pore diameter,
despite a three-order-of-magnitude decrease in the diffusion coefficient, the response ampli-
tude still significantly increases. Molecular flexibility, framework adaptability, cumulative
non-covalent interactions, and multi-domain adsorption form a multi-mechanism model
explaining this phenomenon contrary to classical sieving principles. These findings provide
an advanced theoretical foundation for developing selective microporous sensing inter-
faces, whose selectivity arises from the synergistic regulation of diffusion and interactions,
surpassing traditional size exclusion principles.

2. Materials and Methods
2.1. Overview of the Experimental Design

To investigate size-selective adsorption in MOF-based QCM systems, we developed
an integrated experimental approach encompassing material synthesis, structural charac-
terization, sensing interface construction, and quantitative response analysis, as shown in
Figure 1. The experimental design employs MIL-125-NH, as the sensing layer and selects
homologous alcohol compounds with the same chemical activity as model analytes, which
possess different molecular sizes. This method effectively separates size-dependent effects
while minimizing interfering variables such as chemical affinity. The QCM sensing system
directly correlates frequency changes with mass adsorption events, providing quantitative
measurement indicators for thermodynamic capacity and kinetic behavior.

2.2. Synthesis and Characterization of MIL-125-NH,

For this study, the amino-functionalized titanium-based microporous metal-organic
framework, MIL-125-NH;, was synthesized utilizing a previously used method [16] with
only minor changes. Titanium (IV) isopropoxide (0.5 mmol) and 2-aminoterephthalic
acid (0.5 mmol) were mixed in a glass vial with N,N-dimethylformamide (10 mL) and
triethylamine (10 pL) as a modulator. The homogeneous solution was sonicated for ten
minutes before being statically heated to 120 °C for 24 h. Centrifugation was used to
separate the crystalline product, which was then washed with DMF (3 x 10 mL) and
acetone. The collected product was dried in a dynamic vacuum at 150 °C for 12 h.

The synthesized MIL-125-NH, has a tetragonal structure (space group 14/mmm)
comprised of TigOg(OH)4 clusters joined by 2-aminoterephthalate linkers, as shown in
Figure 1A. This framework has a hierarchical pore system [16] with tetrahedral cages
(6.13 A) and octahedral cages (12.5 A) coupled by apertures ranging from 5.0 to 7.0 A.
The amino functionalization binds polar analytes through hydrogen bonding, whereas
titanium-oxo clusters stabilize the framework.
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Figure 1. Schematic illustration of MIL-125-NH;-based QCM sensing system for alcohol detection.
(A) Structure of MIL-125-NH, and molecular size comparison of various alcohols with the pore aper-
tures, highlighting size-selective adsorption. The framework’s tetrahedral (6.13 A) and octahedral
(125 A) cages are interconnected through apertures ranging from 5.0 to 7.0 A16], creating a hierar-
chical porous architecture that interacts differentially with alcohol molecules of varying dimensions.
(B) Experimental setup including gas flow control, vapor generation, QCM chamber, and data acqui-
sition. The integrated system enables precise control of analyte concentration, temperature, and flow
conditions while providing real-time monitoring of mass-induced frequency shifts. (C) Cross-section
of the QCM sensor showing MOF crystallites coated on the quartz crystal surface. (D) Standard QCM
sensing cycle illustrating baseline stabilization, exposure (adsorption), and recovery phases.

The synthesized structure was characterized by powder X-ray diffraction (PXRD,
Rigaku Miniflex 600, Rigaku Corporation, Tokyo, Japan; Cu-Ku radiation), Fourier trans-
form infrared spectroscopy (FTIR, Bruker Tensor 27, Bruker Corporation, Billerica, MA,
USA), physical adsorption of nitrogen at 77 K (Micromeritics ASAP 2020, Micromeritics
Instrument Corp., Norcross, GA, USA), and scanning electron microscopy (SEM, JEOL
JSM-7500F, JEOL Ltd., Tokyo, Japan). Detailed characterization results are presented in
Section 3.1.

2.3. QCM Sensor Fabrication and Stability Assessment

The QCM sensor is composed of gold electrodes (diameter 6.0 mm) and an AT-cut
quartz crystal (base frequency 5MHz). The quartz crystal was cleansed in a sequential
manner with acetone, isopropyl alcohol, and deionized water before MOF deposition.
The crystal was subsequently treated with an ultraviolet ozone apparatus (Novascan PSD-
UV) for a duration of 10 min to eliminate surface organic impurities. The sensing layer is
formed by uniformly dropping a stable solution of MOF material in ethanol (concentration
0.01 mg/mL) onto the electrode surface. This procedure is repeated multiple times to form
a dense coating. The sensing layer is prepared using the drop-casting method. Following
deposition, samples are dried at 50 °C for 2 h, followed by treatment at room temperature
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under medium vacuum conditions (10~ mbar) for 4 h to completely remove residual
solvents, ensuring the structural integrity of the sensing layer and maximizing the retention
of functional sites.

The cross-sectional structure of the sensing interface was depicted in Figure 1C, where
MOF particles were uniformly distributed on the gold electrode surface. This configuration
enhances the mechanical linkage between the quartz crystal and the sensor layer, facilitating
precise monitoring of frequency fluctuations caused by mass alterations. The results of the
continuity and morphology of the MOF coating using a surface profilometer (Zeta Optical
Profiler) are illustrated in Figure Al. The Z-height profile scan indicates the development
of a uniformly dense polycrystalline layer on the QCM electrode area, with a thickness of
approximately 500 nm.

To evaluate the mechanical stability of the MOF coating on the QCM surface, we
tested the MIL-125-NHj; thin film throughout the entire experimental process. Baseline
frequency measurements were taken before and after each analysis cycle to ensure drift was
less than 0.3 Hz/hour, indicating minimal mass loss or structural reconstruction. The thin
film’s stability can be attributed to the following: (1) the nanoscale size of MIL-125-NH,
particles (80-120 nm, as detailed in Section 3.1), which enhances adhesion by increasing the
contact area; (2) an optimized multi-step drop-casting protocol, allowing the preparation of
more uniform and mechanically superior coatings; and (3) a moderate oscillation frequency
(5 MHz), which generates lower shear forces than high-frequency QCM systems.

2.4. VOC Sensing Measurements and Experimental Setup

Figure 1B shows the setup for the QCM sensing measurement experiment, including
an integrated gas delivery system, a VOC generation device, a sensing chamber, and data
acquisition components. This setup enables precise control of analyte concentration, fluid
dynamics, and environmental factors, while also supporting real-time monitoring of mass-
related frequency shifts.

The analytes used in this study are a group of homologous alcohol compounds:
methanol (>99.9%, anhydrous), ethanol (>99.8%, anhydrous), 1-pentanol (>99%), 1-
hexanol (>98%), and 1-decanol (>98%), all purchased from Sigma-Aldrich and not further
purified. Table 2 summarizes the most important physical and chemical properties of
these substances.

Table 2. Physicochemical properties of the primary alcohol homologs employed in this study.

Analyte Molecular Carbon Chain Static Diameter ~ Vapor Pressure  Dipole Moment
Weight (g/mol) Length (A) at 25 °C (kPa) (D)
Methanol 32.04 1 4.5 13.02 1.70
Ethanol 46.07 2 5.2 5.95 1.69
1-Pentanol 88.15 5 6.9 0.25 1.70
1-Hexanol 102.17 6 7.5 0.09 1.55
1-Decanol 158.28 10 9.8 0.0009 1.50

A commercial QCM detection system (QCM200, Stanford Research Systems, Sunnyvale,
CA, USA) and a homemade gas flow control apparatus were utilized to perform sensing
measurements. The sensor was kept at a constant ambient temperature of 25.0 °C to ensure
experimental stability and consistency. Nitrogen gas with a purity of 99.999% was utilized
as the carrier gas and reference atmosphere in a dynamic vapor generation system with
an MKS Instruments mass flow controller. The total flow rate was 100 mL/min. Analyte
vapors were generated. The concentration gradients of each alcohol analyte were assessed
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at varying concentrations, ranging from 5% to 100% of its maximum test concentration (the
upper limit is dictated by the QCM response capability and vapor pressure).

As illustrated in Figure 1D, the standardized measurement protocol consists of the
subsequent steps: (i) Baseline stabilization: The sensor is pretreated under a nitrogen
flow until the frequency drift is reduced to less than 0.1 Hz/min. (ii) Analyte exposure:
The sensor is exposed to the target VOC at a controlled concentration, with the exposure
duration adjusted according to its response kinetics (ranging from 5 min for methanol to
60 min for 1-decanol). (iii) Recovery phase: The system is purged with purified nitrogen
for a minimum of 30 min to facilitate desorption and the return to baseline conditions.

2.5. Data Analysis Methodology

QCM frequency data were collected in real time at a sampling rate of 1 Hz using the
manufacturer’s software. Prior to analysis, raw data were minimally preprocessed via
baseline correction and Savitzky—Golay filtering (window width 11 points, polynomial
order 2) to reduce noise. To standardize comparisons across conditions, the normalized
frequency offset in parts per million (ppm) was used as the response variable:

af() =W =fo s qge (1)
fo
where f(t) and f) denote the instantaneous and baseline frequencies, respectively. This
normalization removes dependence on the fundamental frequency and yields a dimension-
less response.
Characteristic parameters extracted from the A f—time curves include the following:

*  Afmax: peak normalized frequency shift, defined as the maximum Af upon
VOC exposure;

e AUC (ppm's): area under the curve, representing the integral of the response
over time;

* 1o, t50, too: rise times to reach 10%, 50%, and 90% of A fmax, respectively.

To provide a mechanistic understanding of the multi-phase adsorption process ob-
served in the QCM response profiles, we implemented an enhanced peak model that
explicitly accounts for both transient and equilibrium components:

Sf(t) =a+b(1—e /™) 4 c(1—e /™) ef(t/rs)n, (2)

where a4 is the baseline offset, b the adsorption amplitude, c the transient spike amplitude,
T4, Tr, and Ts the time constants for adsorption, spike rise, and spike decay, respectively,
and n a dimensionless shape parameter. Nonlinear least-squares fitting used the Levenberg—
Marquardt algorithm; fitting quality was assessed by the coefficient of determination (R?)
and root mean square error (RMSE). Statistical correlations among parameters were evalu-
ated by linear regression and Pearson correlation tests, with significance set at p < 0.05.

3. Results and Discussion
3.1. Characterization of MIL-125-NH,

The structures of the MIL-125-NH, samples were confirmed by a series of complemen-
tary characterization techniques. Powder X-ray diffraction (PXRD) patterns (Figure 2A)
exhibit the characteristic peaks of the tetragonal phase (space group I4/mmm), with the pri-
mary reflection at 26 = 6.7° (101), and additional peaks at 9.7° (200), 11.5° (211), and 16.5°
(222), indicating high phase purity and crystallinity. Fourier-transform infrared spec-
troscopy (FTIR) (Figure 2B) further corroborated the framework structure, showing N-H
stretching at 3400-3300 cm~!, N-H bending at ~1625 cm~!, and characteristic aromatic
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C=C, C-N, C-0O, and Ti-O vibrational bands, thus confirming retention of organic ligands
and formation of Ti—O clusters.
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Figure 2. Comprehensive characterization of MIL-125-NHj: (A) Powder X-ray diffraction pattern
showing primary crystallographic reflections with Miller indices labeled; (B) FTIR spectrum high-
lighting key functional group vibrations; (C) Nitrogen adsorption-desorption isotherm measured at
77 K demonstrating microporous character with high surface area; (D) SEM image revealing disc-like
crystallite morphology.

Nitrogen adsorption—desorption isotherms at 77 K (Figure 2C) reveal a pronounced
microporosity with a Brunauer-Emmett-Teller (BET) specific surface area of 678 m?/g.
The isotherm displays combined Type 1/IV features: micropore filling at low relative
pressures and capillary condensation hysteresis at higher pressures, suggesting secondary
mesoporosity (e.g., inter-crystalline voids or defects) alongside dominant micropores.
In Figure 2D, Scanning electron microscopy (SEM) shows disc-shaped microcrystals with a
uniform size distribution of 80-120 nm, consistent with reported morphology. Overall, MIL-
125-NH; demonstrates high crystallinity, well-defined functional groups, and excellent

porosity and topographic homogeneity, providing a robust structural basis for its use as a
QCM sensor coating.

3.2. Characteristic Response Profiles and Model Fitting

The MIL-125-NHj-functionalized QCM sensor demonstrates unique molecular size-
dependent adsorption kinetics for alcohol homologs. Figure 3 shows adsorption profiles as
normalized frequency shifts versus logarithmic time. Each curve represents an individual
adsorption experiment at an analogous concentration (1000 ppb). The logarithmic time
representation allows for complete viewing of adsorption processes across many time-
frames (107!-10% s). Adsorption begins at the rightmost data point for each homolog and
moves leftward over time until equilibrium is reached. This picture emphasizes two key
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observations: (1) equilibrium frequency shifts rise systematically with molecular weight,
and (2) equilibration periods grow drastically with increasing molecular dimensions.
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Figure 3. Adsorption profiles of primary alcohol homologs on MIL-125-NH; QCM sensors at
1000 ppb, represented as normalized frequency shift versus logarithmic time. Each curve (differenti-
ated by color) depicts an independent adsorption process initiating at the rightmost point (t ~ 0.1 s)
and progressing leftward as equilibrium is approached. Experimental data (symbols) show excellent
agreement with the enhanced adsorption model (solid lines, R2 > 0.995). The systematic progression
of adsorption time constants (7;) with molecular size is clearly evident: methanol (5.9s), ethanol
(16.4s), 1-pentanol (367.45s), 1-hexanol (764.4s), and 1-decanol (1554.99s). Concurrently, equilib-
rium frequency shifts increase from -2.17 ppm (methanol) to —19.56 ppm (1-decanol), demonstrating
enhanced mass loading despite increasing diffusion limitations.

The adsorption profiles show a basic disparity in behavior across the homologous
series. Lower molecular weight alcohols (methanol, ethanol) with diameters (4.5-5.2 A)
comparable to the framework’s minimal pore aperture (5.0 A) show rapid equilibration
(ta = 5.9-16.4s) and mild frequency shifts (-2.17 to —3.51 ppm). In contrast, higher ho-
mologs (1-pentanol, 1-hexanol, 1-decanol) with dimensions exceeding the framework
windows demonstrate dramatically extended equilibration times (7, = 367.4-1554.99 s)
coupled with substantially enhanced frequency shifts (-7.21 to —=19.56 ppm). This coun-
terintuitive relationship—Ilarger molecules generating stronger responses despite severe
diffusion limitations—provides the first experimental evidence for the ‘size-selectivity
paradox’ explored in detail in Section 3.7.

The modified adsorption model accurately captures complex dynamics (R > 0.995,
RMSE < 0.08 ppm) for all molecular species. Model parameter analysis shows that the
ratio of adsorption amplitude to time constant (b/1;) declines with molecular size, indi-
cating a balance between thermodynamic driving forces and kinetic limits. The 263-fold
rise in T, from methanol to 1-decanol demonstrates MIL-125-NH,’s excellent molecular
discrimination capabilities in the temporal domain, confirming time-resolved detection as
a potent complementary technique to classic equilibrium-based approaches.
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3.3. Concentration-Dependent Response Characteristics

To establish a quantitative correspondence between the concentration of analytes and
the response of QCM, this study systematically evaluated alcohol homologs across multiple
concentration gradients, analyzing four critical sensing parameters, as shown in Figure 4.
The amplitude parameters (AUC and Af, Figure 4A,B) exhibit exceptional linearity with
concentration (R? = 0.782-0.986) and systematic enhancement with molecular weight.
AUC values for methanol and 1-decanol increase by approximately 37-fold at maximum
concentration, from approximately ~1000 ppm-s to —37,000 ppm-s. This increase is signif-
icantly greater than the 4.9-fold ratio of their molecular weights. This disproportionate
amplification offers quantitative evidence that molecular recognition factors, in addition to
simple mass loading, substantially influence the sensing response.

In striking contrast, the kinetic parameters (fgg and 7, Figure 4C,D) segregate into
two distinct domains—small alcohols (1040s range) versus large alcohols (300-2000's
range)—with minimal overlap. These parameters show more modest concentration depen-
dence (R? = 0.522-0.858) and span more than two orders of magnitude on a logarithmic
scale, indicating that molecular transport through the microporous framework is governed
primarily by structural compatibility rather than concentration gradients.

The contrasting behavior of amplitude versus kinetic parameters reveals the funda-
mental sensing mechanism of the MIL-125-NH, system. The systematically increasing
slopes in Figure 4A,B quantitatively demonstrate that larger molecules generate propor-
tionally stronger responses despite their diffusion limitations—the key phenomenological
signature of the size-selectivity paradox. AUC sensitivity is approximately 37-fold higher
in 1-decanol than in methanol, although it necessitates a 263-fold longer equilibration time.
This is compelling evidence that the kinetic penalties of larger molecules are substantially
outweighed by the enhanced thermodynamic driving forces.

These calibration relationships simultaneously offer theoretical explanations for the
molecular recognition properties of the MIL-125-NH,-QCM system and establish a robust
analytical foundation. In practical sensing applications, the amplitude parameters provide
exceptional linearity and superior concentration sensitivity, while the dramatic temporal
differentiation observed in the kinetic parameters offers a complementary dimension for
molecular discrimination based on diffusion dynamics.

To obtain the detection limit (LOD) for each alcohol homolog, the value of LOD was
derived from the standard 3¢ /slope method and the concentration-dependent calibration
curve depicted in Figure 4B. The analysis results indicate a distinct negative correlation be-
tween molecular weight and LOD, with values decreasing in the following order: methanol
(0.19 ppm) > ethanol (0.11 ppm) > 1-pentanol (0.054 ppm) > 1-hexanol (0.042 ppm) >
1-decanol (0.026 ppm). This quantifiable evidence that larger molecules exhibit significantly
enhanced detection sensitivity due to strengthened host—-guest interactions, despite their
significantly slower diffusion kinetics, is the result of a distinct trend of decreasing LOD
values with increasing molecular weight. The thermodynamic advantage of stronger ad-
sorption effectively transcends the diffusion kinetic limitations of larger homologs within
the MIL-125-NH, framework, as evidenced by the approximately sevenfold increase in
LOD values from methanol to 1-decanol.
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Figure 4. Concentration-dependent calibration curves for the five alcohol homologs. (A) Area un-

der curve (AUC) versus relative concentration, showing strong negative linear correlations with

molecular-weight-dependent sensitivity gradients (R? values: methanol 0.946, ethanol 0.854, 1-
pentanol 0.986, 1-hexanol 0.927, 1-decanol 0.915). (B) Normalized frequency shift (Af) versus rel-
ative concentration, demonstrating similar molecular-weight-dependent enhancement (R? values:
methanol 0.782, ethanol 0.834, 1-pentanol 0.871, 1-hexanol 0.932, 1-decanol 0.868). (C) Response
time (tgp) versus relative concentration on logarithmic scale, revealing distinct kinetic domains for

small versus large alcohols (R2 values: methanol 0.522, ethanol 0.768, 1-pentanol 0.549, 1-hexanol

0.761, 1-decanol 0.858). (D) Adsorption time constant (7;) versus relative concentration, displaying

identical grouping patterns and similar concentration dependencies as tgyg. Dashed lines indicate

linear regression fits.

3.4. Structure—Property Relationships: Molecular Weight and Sensing Response

To understand the relationship between the molecular structure of the analyte and the

QCM response behavior, we analyzed the relationship between the molecular weight and

the integral response amplitude (AUC) for five alcohol homologs at maximum test concen-

tration (Figure 5). Linear regression revealed a significant positive correlation (R?> = 0.891,

p = 0.0158), indicating that the higher the molecular weight, the stronger the mass response.
At a concentration of 500 ppb, the AUC values for methanol, ethanol, 1-pentanol, 1-hexanol,
and 1-decanol were 14.2, 28.7, 113.6, 166.4, and 199.5 ppm's, respectively, indicating a
nearly linear relationship with carbon chain length. The normalized frequency shift (Af)
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also shows a similar pattern, suggesting that molecular mass has a significant influence on
response intensity.

\\ methanol
S K] ethanol
0 - ® h 3¢ 1-pentanol
[ 1-hexanol
\\\ 1-decanol
~ \\ A
» \\
%—10,000 = \\\
b A
O
=
O N
— ~
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- \\
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N
~
N
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y = —281.57x + 12586.33 ~
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p=0.0158 ) N
1 1 1 I 1 1 1 1
40 60 80 100 120 140 160 180

Molecular Weight (g/mol)

Figure 5. Relationship between molecular weight and integrated response (AUC) for the five alcohol
homologs at their highest test concentrations. The strong correlation (R?> = 0.891) demonstrates the
systematic enhancement of sensing response with increasing molecular weight. AUC values are
expressed in ppm-s.

Despite changes in analyte physicochemical characteristics (e.g., polarity, vapor pres-
sure, diffusion rate), the QCM response consistently correlates with molecular weight,
demonstrating a combination of mass loading and MOF pores’ adsorption capacity. This
structure-response quantitative relationship provides a reliable sensing basis for MIL-
125-NHj-based QCM sensors and a straightforward modeling technique for applications
such as quantitative detection of off-specification items and faster homolog screening.
Furthermore, the link between molecular weight and AUC can function as a unidimen-
sional predictor in multivariate linear modeling and classification analyses, in conjunction
with kinetic parameters (e.g., T, too), thus improving recognition accuracy and modeling
adaptability in complex mixtures.

3.5. Molecular Dimensions and Adsorption Kinetics

Following our analysis of the concentration-response characteristics, we now examine
the direct relationship between molecular structure and adsorption kinetics. This relation-
ship is of fundamental importance for understanding molecular transport in microporous
materials and for developing structure-based prediction models for sensor applications.
Figure 6 shows the relationship between molecular diameter and adsorption time constant
(ta) for the five alcohol homologs. The linear regression analysis shows a statistically
significant correlation (R?> = 0.952, p = 0.0045), with 1, increasing systematically from
methanol (4.5 A, 5.93s) to 1-decanol (9.8 A, 1554.99 s). This 262-fold increase in 7, with only
a 2.2-fold increase in the nominal diameter demonstrates the exceptional sensitivity of the
adsorption kinetics to molecular dimensions.
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Figure 6. Relationship between static molecular diameter and adsorption time constant (1;) for
the five alcohol homologs. Linear regression analysis yields 7, = 302.69d — 1510.41 (R? = 0.952,
p = 0.0045), where d represents molecular diameter in A and 7, is expressed in seconds.

The strong linear correlation between diameter and 7, has profound mechanistic
implications. The MIL-125-NH, framework, with window apertures of 5.0-7.0 A, creates
a transition condition from Fickian to activated diffusion across our homologous series.
Smaller alcohols (methanol, ethanol) with diameters < 5.2 A experience minimal diffusion
barriers, while larger molecules encounter progressively greater activation energies for
transport. The observed linear 7,—diameter relationship corresponds to an exponential
relationship between diffusion coefficient and molecular cross-sectional area, as expected
from activated diffusion models where 7; &« 1/Deg and Deg o exp(—E,/RT), with E,
scaling approximately with cross-sectional area.

Although static molecular diameters are employed as the structural parameter in our
research, it is crucial to acknowledge that the conformational flexibility of the primary
alcohols may influence their transport behavior. Structures that permit sequential tran-
sit through microporous channels may be adopted by longer-chain alcohols, potentially
preventing the complete exclusion of molecules with nominal diameters that exceed the
apertures of the framework. The structure-kinetics correlation’s accuracy (R*> > 0.95)
provides a quantitative foundation for estimating adsorption dynamics, as determined
by the dimensions of the molecule. This link not only substantiates theoretical theories
of limited diffusion but also offers temporal response patterns as a robust dimension for
molecular discrimination in sensing applications.

3.6. Homologous Series Trends

After clarifying the role of molecular dimensions in regulating the adsorption kinetic
process, we introduce the carbon chain length as a unifying dimension and examine its
relationship with several sensing response parameters. As shown in Figure 7, the four key
indices, including the integrated response amplitude (AUC), normalized frequency shift
(Af), adsorption time constant (7;), and spike decay time constant (7;), show a consistent
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and systematic growth trend with increasing carbon chain length, indicating that this
MOF-QCM system shows clear structural sensitivity in the molecular recognition process.

(A) AUC vs Chain Length (B) Frequency Shift vs Chain Length
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Figure 7. Homologous series trends showing the effect of carbon chain length on various QCM
response parameters: (A) Absolute AUC value (ppm-s), (B) absolute frequency shift (ppm), (C) ad-
sorption time constant (s), and (D) spike time constant (s). All parameters show systematic trends with
increasing molecular size, with response magnitudes and time constants displaying approximately
exponential relationships with chain length. Note the logarithmic scale on the y-axes, highlighting
the wide range of values across the homologous series.

The response amplitude parameters (AUC and Af) exhibit approximate exponential
growth with carbon chain length, while the kinetic parameters (7, and 7s) show nonlinear
increases, reflecting significant hysteresis in molecular diffusion rates with structural
evolution. This high consistency across different response parameters provides solid
experimental support for establishing a structure-function mapping model of the MOF-
QCM system.

The exponential relationship indicates that the effect of each added methylene (-CH,-)
unit in the carbon chain on response amplitude and adsorption rate is cumulatively am-
plified rather than linearly superimposed. This pattern strengthens the ability of the
MOF-QCM system to recognize molecular structure changes at the mechanistic level
and further validates the "size-selectivity paradox’, where larger molecules show stronger
responses despite violating traditional size-sieving assumptions.
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(A) Effective Diffusion vs Molecular Size

3.7. Effective Diffusion Analysis

To quantitatively analyze the molecular transport process in the MIL-125-NHj sys-
tem, we investigated the relationship between molecular size and diffusion param-
eters in a series of homologous alcohols. Using experimentally determined adsorp-
tion time constants, the effective diffusion coefficient was derived using the equation
Deg = L?/7, (where L ~ 500 nm represents the thickness of the metal-organic framework
(MOF) thin film), thereby establishing a quantitative structure-transport relationship in
microporous materials.

As shown in Figure 8A, the effective diffusion coefficient exhibits a significant
power-law decay with increasing molecular diameter. This relationship is given by
Degt = Dod >, with R? = 0.981. This relationship spans over two orders of magnitude:
from 4.2 x 10719 cm? /s for methanol to 1.6 x 10712 cm?/s for 1-decanol. The exponent
(—5.96) is significantly higher than the values predicted by the classical hindered diffusion
model (typically —1 to —3), indicating that as molecular size increases and exceeds the
framework characteristic pore diameter, the diffusion mechanism transitions from hindered
diffusion to activated diffusion.

(B) Diffusion Hindrance vs Molecular Size
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Figure 8. Effective diffusion analysis for alcohol homologs in MIL-125-NH,. (A) Effective diffusion
coefficient (D) versus molecular diameter, demonstrating a power-law relationship D = Dod ~>%
with exceptional correlation (R? = 0.981). The values span from 4.2 x 1070 cm?/s for methanol
to 1.6 x 10712 cm?/s for 1-decanol, decreasing by more than two orders of magnitude. (B) Dif-
fusion hindrance ratio (Deft/ Dgas) versus molecular diameter, following a log-linear relationship
Degf/ Dgas = 1072:68-041d ith R2 = (0.985, indicating approximately one order of magnitude reduc-
tion in relative diffusivity for each 2.4 A increase in molecular diameter.

The Arrhenius equation D = Do exp(—E,/RT) explains the transition to activated
diffusion. E, is the activation energy barrier for molecules to penetrate restrictive pores.
For microporous systems where molecular size is comparable to pore size, theoretical
models indicate that activation energy is approximately proportional to the square of the
molecular cross-sectional area. At constant temperature, this quadratic energy consumption
relationship manifests as a power-law relationship between Dg and molecular diameter,
with the exponent significantly larger than the value predicted by classical models.
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To quantitatively assess the influence of the restriction effect relative to unobstructed
transport, we studied the diffusion hindrance ratio (Deg/ Dgas), Where Dgas denotes
the gas-phase diffusion coefficient per molecule. As shown in Figure 8B, this nor-
malized parameter exhibits a logarithmic linear relationship with molecular diameter:
Deft/ Dgas = 10726870414 with RZ = 0.985. This systematic trend indicates that the relative
diffusion coefficient decreases by approximately one order of magnitude for every 2.4 A
increase in molecular diameter—a remarkably consistent scaling relationship spanning
four orders of magnitude, from methanol (~10~3) to 1-decanol (~10~7).

The diffusion hindrance analysis quantitatively confirms the ‘dual-effect paradox” in
MOF-based sensing: larger molecules exhibit higher equilibrium responses due to stronger
host-guest interactions, but their diffusion rates are significantly reduced. The inverse
relationship between sensitivity and response kinetics presents major problems for the de-
sign of microporous sensing interfaces. The high precision of both correlations (R? > 0.98)
enables reliable prediction of transport parameters based solely on molecular size, thereby
simplifying the computational screening of potential analyte-framework combinations
without the need for extensive experimental characterization.

3.8. The Size-Selectivity Paradox

During a systematic study of the MOF-QCM sensing interface, we observed a response
behavior that significantly deviates from classical molecular sieving theory. As shown
in Figure 9A, the minimum pore window size of MIL-125-NH, is 5.0 A, significantly
smaller than the molecular diameters of 1-pentanol (6.9 A), 1-hexanol (7.5 A), and 1-decanol
(9.8 A). According to the traditional model, this should result in a decrease in response.
However, Figure 9B shows that the response integrals (AUC) of the five alcohols increase
monotonically with molecular size, with 1-decanol reaching approximately 36,000 ppm:s,
while methanol is only 650 ppm-s, a difference exceeding 55-fold, and the results exhibit
good reproducibility. This trend indicates that the response mechanism of the MOF-QCM
system transcends geometric sieving, forming a ‘size selectivity paradox’.

The causes of this paradox can be explained by multiple synergistic mechanisms.
First, linear alcohol molecules have high conformational flexibility [17], enabling them to
reduce their cross-sectional area through carbon chain twisting and pass through narrow
channels in a ‘worm-like” manner. Second, MIL-125-NH, exhibits framework tunability,
enabling external molecular interactions to induce lattice “breathing,” linker rotation,
and local coordination distortion, temporarily expanding pore diameters by 0.3-1 A [18]
and alleviating diffusion barriers caused by size mismatch.

Third, longer carbon chain molecules can form stronger non-covalent interactions in
pores or on surfaces, with adsorption enthalpy systematically increasing with molecular
mass [19]. Taking 1-decanol as an example, its extended methylene chain structure en-
hances van der Waals, induced dipole, and CH- interactions with MOFs, resulting in
higher adsorption capacity and retention time, as evidenced by the increase in the AUC
approximation index. Additionally, under diffusion-limited conditions, the contribution of
adsorption on the outer surface cannot be ignored. MIL-125-NHj crystals are disk-shaped,
with a thickness of 10-20 nm and a diameter of 80-120 nm. Approximated as cylinders,
their surface area to volume ratio (S/V) ranges from 1.3 x 108 to 2.5 x 108 m~!, signifi-
cantly higher than that of spherical particles of the same volume. This high S/V structure
effectively enhances the adsorption contribution of grain boundaries, defects, and surface
sites, particularly favoring the amplification of responses to large molecules [20,21].
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(A) Comparison of Molecular Size with MOF Structural Features

(B) Size-Selectivity Paradox
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Figure 9. Visualization of the size-selectivity paradox in MIL-125-NH,. (A) Comparison of molecular
diameters with framework structural features. Solid bars represent molecular diameters; hatched
bars show size ratios relative to the minimum window aperture (5.0 A). Horizontal lines indicate
critical framework dimensions: minimum window (5.0 A, green dashed), maximum window (7.0 A,
green dotted), and tetrahedral cage (6.13 A, purple dashed). (B) Relationship between size ratio
(molecular diameter/minimum window) and absolute AUC response. Despite size ratios exceeding
1.0 (indicating molecular dimensions larger than the framework aperture), sensing response increases
exponentially with molecular size.

Although the diffusion time constant 7; increases significantly with molecular size
(approximately 262-fold from methanol to 1-decanol), the enhanced adsorption, confor-
mational adaptation, and surface adsorption collectively offset the diffusion resistance,
ultimately forming a nonlinear response pattern characterized by ‘slow diffusion—enhanced
adsorption’. These results indicate that traditional size exclusion mechanisms exhibit
significant limitations in MOF-QCM systems and require reinterpretation through a multi-
factor coupled model involving conformational regulation, structural response, and sur-
face/interface adsorption. This provides theoretical support for elucidating the recognition
mechanisms of microporous materials and optimizing device performance.

3.9. Multi-Dimensional Mapping Framework

Based on the above, we present a multidimensional theoretical framework to explain
the recognition at MOF sensor interfaces. This framework comprises four interrelated
dimensions: structure, thermodynamics, kinetics, and function. The structural dimension
deals with the geometric relationship between molecule size and MOF pores, such as
pore size, channel geometry, and adaptability of molecular conformation, all of which
influence whether molecules can enter or leave the framework. The thermodynamic
dimension refers to non-covalent interactions between molecules and the framework, such
as dispersion forces, hydrogen bonds, and 7t interactions. These elements combine to
influence adsorption strength and binding stability. The kinetic dimension reflects the
efficiency with which molecules diffuse within the framework, as well as time-dependent
fluctuations in responses. Diffusion barriers, the flexibility of the scaffold, and the mass
transfer behavior at the interfaces are important factors here. The functional dimension
is the result of the interactions between the first three dimensions and correlates with
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experimentally quantifiable variables such as the response amplitude, the response time,
and the area under the curve (AUC).

The dimensions are interdependent and influence each other to determine the final
sensing result. For example, increasing the molecule size improves the diffusion resistance
(structural and kinetic dimensions) while strengthening the adsorption contacts (thermody-
namic dimension), resulting in slower response rates but higher signal intensity (functional
dimension). The “size selection paradox” described in this experiment accurately reflects
the nonlinear equilibrium between these variables. Unlike attempts to characterize complex
behavior using a single variable, this method breaks down the sensor responses into several
interacting physical processes. This technique not only deepens our understanding of the
fundamental principles governing sensor phenomena, but also provides useful analytical
tools for the development and selection of high-performance MOF sensors in the future.

This multidimensional paradigm effectively explains the seemingly contradicting
experimental findings in our investigation. For example, the structural dimension explains
the linear relationship between molecular diameter and adsorption time constant (7;) found
in Section 3.5, but the thermodynamic dimension accounts for the increasing response
amplitude with molecular weight described in Section 3.6. The relationship between kinetic
and thermodynamic dimensions explains why 1-decanol has a 55-fold larger AUC response
than methanol, despite having a 262-fold higher 7;. This integrative perspective converts
apparent discrepancies in experimental data into a coherent mechanistic understanding
that might inform future sensor design.

4. Conclusions

By thoroughly elucidating the complex structure-response coupling mechanism that
emerges when alcohol homologs interact with MOF on a QCM sensor system, this study
reveals a quantitative correlation that challenges traditional molecular sieve theory. The ex-
ponential relationship between molecular mass and response amplitude highlights the
compensatory relationship between molecular mass and molecular size. The linear correla-
tion between molecular diameter and adsorption time constant (7, = 302.694 — 1510.41,
R? = 0.952) and the power-law decay of effective diffusion coefficients (Deg o« d~5%,
R? = 0.981) provide strong evidence for the activation diffusion mechanism. Consid-
ering coexisting factors, a multidimensional mechanism model incorporating molecular
conformational flexibility, skeletal structural reactivity, cumulative non-covalent interac-
tions, and multi-domain adsorption pathways resolves the ‘size selection paradox'—where
larger molecules exhibit stronger responses despite significant diffusion limitations. This
study thus fundamentally transforms our understanding of size-dependent adsorption
on microporous sensor surfaces and transforms a seemingly contradictory phenomenon
into an opportunity to enhance molecular resolution through strategic adjustments to the
structure-performance relationship.
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The following abbreviations are used in this manuscript:

MOF  Metal-Organic Framework

QCM  Quartz Crystal Microbalance

VOC  Volatile Organic Compound

AUC  Area Under Curve

PXRD  Powder X-Ray Diffraction

FTIR  Fourier-Transform Infrared Spectroscopy
SEM  Scanning Electron Microscopy

RMSE  Root-Mean-Square Error
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Figure Al. Surface profilometry analysis of the MIL-125-NH; coating on QCM substrate. The Zeta
optical profiler measurement reveals (A) uniform coating morphology across the sensor surface,
(B) Optical image of the surface step profile, and (C) height profile showing a consistent film thickness
of approximately 500 nm. Field of view: 165 um x 124 um, Z-Range: 8.6 um, Step Size: 0.014 pum.
The relatively uniform height distribution confirms the homogeneity of the drop-cast MOF layer
essential for reproducible sensing performance.
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