Ditching Derivatization:

Molecular Rotational Resonance Spectroscopy for Formaldehyde Quantitation

Overview

Formaldehyde’s toxicity and volatile nature make it a frequent target for
regulatory scrutiny and quality control. But measuring it reliably in
complex matrices isn’t simple. Traditional gas chromatography (GC)
relies on chemical derivatization, which is time-consuming, sensitive to
conditions, and prone to errors.

BrightSpec’s headspace molecular rotational resonance (MRR)
technology offers a cleaner, faster alternative: direct, derivatization-free
quantitation of formaldehyde vapor in aqueous and viscous matrices.
With high molecular specificity and a fully automated workflow, MRR
dramatically simplifies formaldehyde analysis—no separation steps, no
chemical modification, no guesswork. In this application note, we
demonstrate how headspace-MRR enables accurate, efficient
quantitation of formaldehyde, eliminating the need for derivatization
while maintaining analytical rigor across a wide dynamic range.

MRR Breaks the Bottlenecks in Formaldehyde Analysis

Bottlenecks in GC workflows start well before the sample hits the column. Even in well-equipped labs, GC workflows require
hands-on finesse. Derivatization alone requires multiple hands-on steps, each increasing the risk of compromised accuracy.
Headspace-MRR eliminates this entire pre-treatment chain. Instead of chemically modifying formaldehyde, MRR measures
vapor directly from the sample solution, simplifying the process and reducing sources of variability (Table 1). With MRR,
there’s less handling—samples are simply prepared in an appropriate solvent and loaded. There’s less hassle—no acid
ratios or reaction times to optimize. And there’s less time required, with a full sample-to-result workflow completed in under

GC MRR
Derivatization Method Direct Analysis

Sample Prep Time Hours per batch Minutes

Derivatization Step Required Not required

High (DNPH,

PFBHA, solvents) AEIC

Toxic Chemical Usage
Unstable (derivatives

Stability degrade rapidly)

Stable (direct analysis)

Safety and
Disposal Risks

Significant due to

toxic reagents/solvents T el

Very low

Matrix Interference . ; -
(rotational fingerprinting)

High (frequent overlaps)

Operational Cost
and Complexity

High (reagents,
solvents, maintenance)

Low (minimal consumables
and maintenance)

Table 1. Summary of MRR performance attributes for formaldehyde
quantitation. Unlike GC methods that require chemical modification and
separation, headspace-MRR enables direct, highly selective quantitation of
formaldehyde in complex matrices without derivatization. VVolatile analytes
are quantified based on their unique rotational signatures.

45 minutes, including equilibration (Figure 1).

Conventional GC analysis of formaldehyde
typically requires multiple time-intensive steps,
including sample homogenization or dilution (10
minutes), derivatization with DNPH or acidified
ethanol (30—45 minutes), extraction (15-30
minutes), filtration and vial preparation (10-15
minutes), and headspace equilibration or direct
injection (15-30 minutes) before a 15-25-minute
GC run (Figure 1). Altogether, a single GC
sample can require 1.5 to 2 hours, not including
additional data analysis time. Each stage
introduces opportunities for human error, matrix
interference, and variability. In contrast, with
headspace-MRR, formaldehyde samples are
simply diluted, equilibrated for 15 minutes, and
automatically analyzed in just 10 minutes per
sample. As illustrated, MRR saves approximately
40—70 minutes per sample compared with GC
workflows, increasing throughput while reducing
hands-on labor and analytical variability.
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Figure 1. Time savings with MRR versus GC. The simplified workflow diagram highlights the dramatic reduction in time achieved
using headspace-MRR compared to traditional GC workflows. A streamlined process that enables true walk-away automation.

Methods

Sample Prep and Instrument Parameters

Formaldehyde samples were prepared by creating a 1000 ppm stock solution: 27 uL of a 37% formaldehyde solution was
added to 9973 L of a 50/50 excipient and water mixture (by dissolving 30 g of excipient in 30 mL of distilled water). Serial
dilutions of the stock solution were made to generate calibration standards at 20, 100, 250, 500, and 1000 ppm in the
same 50/50 excipient/water matrix. For measurement, 1 mL of each sample was aliquoted into a 20 mL headspace vial
and loaded individually into the instrument. Key instrument parameters included an oven temperature of 40°C, a
tower/elevator temperature of 40 °C, a needle block temperature of 50 °C, a transfer line temperature of 150 °C, and a
nozzle temperature of 150 °C.

Software

Our headspace-MRR software enables fast, intuitive setup in three steps: (1) Pick Your Profile — select the target molecule
(e.g., formaldehyde) from the built-in spectral library; (2) Set Your Settings — configure method parameters including
temperature, scan time, and averaging; and (3) Launch Your Lineup — load calibration standards and samples to begin
automated acquisition (Figure 2).

B Method Definition

1. Pick Your Profile 2. Set Your Settings 3. Launch Your Lineup
Select the target molecule from the Configure temperature, scan time, Load calibration samples and start
built-in library. and averaging parameters automated acquisition

Figure 2. Streamlined MRR software workflow for formaldehyde quantitation. The simplified workflow supports high-throughput
analysis with minimal operator input.

Results

MRR directly measures the gas-phase rotational transitions of formaldehyde, so the signal intensities are linearly
proportional to its vapor pressure. That means quantitation is not just possible—it’s highly reproducible—even at low ppm
levels. Figure 3A shows a strong formaldehyde signal consistent across the dilution series. Notably, even at 5 ppm,
signals were measurable, with signal-to-noise ratios exceeding 200 at the high end (1000 ppm). Day-to-day and
instrument-to-instrument variability remained minimal, highlighting MRR’s robustness and reliability in multi-instrument
environments. Need more sensitivity? MRR lets users dial in their desired limit of detection (LOD) by adjusting scan time
(Figure 3B). Longer acquisition times allow for lower thresholds, without changing your sample prep.

Figure 4 provides the underlying quantitative data supporting the headspace-MRR formaldehyde calibration performance
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Figure 3. Calibration and Performance Metrics for Headspace-MRR Formaldehyde Quantitation. A. MRR signal response

e Day1, X Day 2,
Instrument 1 Instrument 2
Analysis Cycle 12
- . 12

Time (min)

Range (pg/mL) 20-1000 5-100
Linearity, R? >0.99 >0.99
Repeatability (%) 1.3-6.5 6.4-21
LOD (pg/mL) 47 5.2
LOQ (pg/mL) 14.2 15.7

versus formaldehyde concentration demonstrates linear behavior over both wide (20-1000 pg/mL) and low (5-100 pg/mL)
concentration ranges. The inset plot shows expanded low-range data, with blue circles representing results from Day 1, Instrument 1,
and red x’s from Day 2, Instrument 2. Both runs yielded R? > 0.99. B. The accompanying table summarizes key performance
parameters, including repeatability, LOD, LOQ, and cycle time. Notably, LOD and LOQ are user-adjustable by extending

measurement time, offering tunable sensitivity.

shown in Figure 3. The representative spectrum (left) shows a clear MRR peak at 14,488.48 MHz, validating selective
detection. The accompanying tables summarize two calibration runs across different concentration ranges. Run 1
(20—1000 ug/mL) shows a highly consistent signal response with a low relative standard deviation (RSD), typically under
7%. In contrast, Run 2 (5-100 pg/mL) focuses on the lower end of the detection range, where RSD increases with
decreasing concentration, as expected due to lower signal intensity, ranging from ~8% at 100 pg/mL to ~18% near the limit
of quantitation. This dataset confirms that while low-ppm formaldehyde is quantifiable using MRR, sensitivity and precision
can be further optimized by extending measurement time.

Concentration (ug/mL)  Unspiked 20 100 250 500 1000
,\ 3.9 11 51.4 134.8 256.1 52583
‘ \ 14488.48 MHz Observed Signal (V) 5.5 12.4 577 1322 2515 5604
‘ \ 35 12.5 51.7 131.5 270.0 493.4
‘ \ Average Signal (nV) 4.30 12.00 53.60 132.83 259.20 526.37
/ ‘\ Std (uV) 1.06 0.78 355 1.74 9.63 33.51
| I = _

Rsd (rel %) 24.61 6.51 6.63 1.31 3.72 6.37
Figure 4. MRR Signal response and Concentration (ug/mL)  Unspiked 5 10 15 30 60 100
quantitative performance for formaldehyde in
aqueous solution. MRR spectrum (left) shows a 1.7 38 59 78 149 315 507
validated formaldehyde'5|gna| at 14,48‘8.48 MHz e S () 17 27 6.4 6.4 178 277 447
for a 1000 ppm sample in 50/50 excipient/water
with a high signal-to-noise ratio (S/N = 236.3). 0.4 37 47 9.8 19.7 299 524
Quantitative data tables (right) summarize two
independent calibration runs: Run 1(20-1000 Average Signal (nV) 127 3.40 567 8.00 17.47 29.70 49.27
pa/miiand Runi2(5100 jig/m ) Eachiincludes Std (uV) 0.75 061 087 171 242 191 405
observed and average MRR signal, standard
deviation (Std), and RSD (%). Rsd (rel %) 59.25 17.89 1542 2136 13.84 642 8.21
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Together, Figures 3 and 4 demonstrate that headspace-MRR enables reliable, derivatization-free quantitation of
formaldehyde across a wide dynamic range. Figure 3 highlights calibration linearity (R* > 0.99) and method reproducibility
across two instruments and days, while Figure 4 provides the raw spectral and statistical data that underpin these
performance metrics. The combination of visual calibration curves and numerical signal variability illustrates MRR’s ability
to maintain linear response and acceptable repeatability at both high and low concentrations.

Conclusion: Faster, Cleaner, Scalable Formaldehyde Analysis

Headspace-MRR changes the game for formaldehyde quantitation. Compared with conventional GC workflows, MRR
dramatically cuts analysis time by over 60%, while eliminating derivatization and cleanup steps altogether. It enables
reliable, low-ppm detection in complex sample matrices, reduces the risk of user error, and supports true walkaway
automation. For analytical chemists working in high-throughput or quality-rigorous environments, this isn’t just a new
instrument; it's a more efficient, scalable way to work. Whether you're quantifying formaldehyde in excipients, processes,
building materials, or residuals in pharmaceuticals, MRR simplifies the workflow without sacrificing accuracy. Why
derivatize when you can measure your molecule directly?

BrightSpec, Inc.
770 Harris Street Suite 104b
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