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ABSTRACT

Accurate measurement of 4,4’-methylene diphenyl diisocyanate (MDI) atmospheres is a challenge
since themolecule is both chemically reactive and likely tobepresent in aerosol formwhenheatedand
sprayed because of its low vapor pressure. Meeting this challenge requires optimizing both the sam-
pling device used and the derivatization agent employed to stabilize the isocyanate functional group.
This study describes the use of a novel derivatization reagent for isocyanate sampling to address
the challenge of MDI aerosol exposure sampling. Like most conventional derivatizing agents for iso-
cyanates, 1,8-diaminonapthalene (DAN) reacts with isocyanate functional groups to form a urea. How-
ever, unlike other isocyanate derivatizing agents, the sample workup procedure with DAN includes
a second step which yields a single analyte molecule, perimidone, for each isocyanate group. This
feature gives DAN the unique ability to assess exposure to “total reactive isocyanate group” (TRIG).
The analytical method implemented to quantitate the perimidone uses liquid chromatography cou-
pled with tandemmass spectrometry. Positive mode ionization led to LOD and LOQ of 10 ng/mL and
34 ng/mL, respectively. The dynamic range was from 50–2000 ng/mL (with R2 � 0.990), which corre-
sponds to TRIG concentrations in air from 0.07–3.04 µg/m3, assuming 60 min of sampling at 10 L/min
(based on use of the CIP-10M sampler). The intra-day and inter-day analytical precisions were<4% for
all of the concentration levels tested, and the accuracy was within an appropriate range of 98 ± 2%.
Minimalmatrix effectwasobserved, anda total recoveryof 109%wasobtained. The approach seems to
be promising for TRIG measurements and further work is planned to establish DANmethod behavior
in samplers used for workplace monitoring.

Introduction

Polymeric MDI (which consists of 4,4′-methylene
diphenyl diisocyanate (MDI) and its oligomers) is one of
the main components of insulation foam, in which it is
reacted with a polyol to form the polyurethane. MDI is
known to cause health effects as severe as occupational
asthma and respiratory and cutaneous irritations.[1–7]
An Occupational Exposure Limit (OEL) of 5 ppb for the
monomer is enforced by most countries for this sub-
stance in order to protect workers’ health.[8-12] Despite
these regulations in place, both forms, monomer and
oligomers, must be measured and controlled to protect
workers and avoid work-related illnesses,[13] as well to
comply with other regulations such as the one in place
in Australia, Finland, Ireland, and the UK.[14,15] In addi-
tion, the sampling strategies must take into account that
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airborne isocyanate can be found in two different forms:
vapor and aerosol. However, fast-curing MDI used in
spray applied (heated + pressurized with air) insulation
foam is mainly present as a liquid aerosol with minimal
vapor.[16] MDI measurements are generally conducted
in two steps as this substance is highly reactive: first,
chemical structure stabilization occurs in the field using
a derivatization agent in a sampling device; next, the
derivatized isocyanate in the sample is analyzed in lab-
oratory. Efficient fast-curing MDI aerosol sampling is
known to be challenging, as shown in a study comparing
filter with impinger[17] and in an analytical method using
filter.[18] Strategies for performing effective sampling
involve either improving the sampling device used for
aerosol collection or refining the derivatization agent
used inside the sampling device to stabilize the reactive
isocyanate in the field.

©  JOEH, LLC
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Figure . Reaction between MDI and MP to produce the urea
derivate.

A liquid-filled impinger is the reference sampling
device used for spray applied fast-curing MDI mea-
surements. However, although this device is efficient in
terms of sampling, several limitations have been doc-
umented regarding the device’s fragility, solvent evap-
oration, flammability, and very cumbersome for the
wearer and industrial hygienist. The performance of
alternative sampling devices has been characterized for
MDI aerosol sampling. Filter-based sampling devices and
denuders, commercially known as ASSET EZ4-NCO, are
all reported to underestimate MDI aerosol concentra-
tions as compared to impingers.[17,19] Recently, results
obtainedwith aCIP10 in a simulatedworkplace have been
shown to be promising for MDI aerosol sampling,[20]
where concentrations in the same range as those pro-
vided by the impingers were found. This last approach
employed 1,2-(methoxyphenyl)piperazine (MP) in the
device in order to stabilize the reactive isocyanate func-
tion as a urea derivative.

The chemical reaction seen in Figure 1 is one method
currently documented for sampling.[17,18,20-23] Neverthe-
less, other chemical reactions can be leveraged to sta-
bilize the isocyanate function. Derivatization using 1,8-
diaminonaphtalene (DAN) for total reactive isocyanate
group (TRIG) has been proposed.[24] This reaction leads
to the formation of a urea. During subsequent labora-
tory workup, an acid-catalyzed cyclization reaction yields
one molecule of perimidone for each isocyanate group as
shown in the scheme in Figure 2.

This approach provides a method for measuring TRIG
and can be a good tool for exposure evaluation target-
ing both monomer and oligomers.[15] It allows a unique
direct evaluation of isocyanate without deriving for indi-
vidual species, as the health effects are mainly linked to
the isocyanate function rather than the individual chem-
ical species. It could be applied to a wide variety of iso-
cyanates without targeting particular isocyanates. TRIG

Figure . Reaction between MDI and DAN to produce the perimi-
done.

value is used in OEL in place in Australia, Finland, Ire-
land, and the UK.[14,15] However, it would have to be used
in a prevention context for countries with OEL linked to
monomeric species. Work on method development and
optimization of the DAN method have been carried out
previously.[25] In this article, we report the implemen-
tation and evaluation of an analytical method by ultra-
performance liquid chromatography coupled with tan-
dem mass spectrometry (UPLC-MS/MS) for the analysis
of perimidone.

Experimental

Chemicals

4,4’-MDI (98% purity), dimethylsulfoxide (DMSO;
>99.9%), acetone (HPLC grade) and formic acid (>95%
purity) were obtained from Sigma-Aldrich (Milwaukee,
WI) and were used without any further purification.
DAN (99% purity), 1,3-dihydrophenalen-2-one (per-
imidone, 99% purity) and d6-perimidone (99% purity)
were obtained from Nuchem Therapeutics (Montréal,
Canada). Water (H2O), methanol (MeOH), formic acid
(FA), all optima LC-MS grade, were obtained from Fisher
Scientific (St-Laurent, Qc, Canada).

Instruments and analytical conditions

The perimidone samples and standards were analyzed on
a UPLC-MS/MS system consisting of a Waters Acquity
UPLC coupled with a Waters Xevo TQ triple quadrupole
mass spectrometer (Beverly, MA) equipped with an elec-
trospray source. The analytical columnusedwas aKinetex
C18 2.6 µm, 2.1 mm X 100 mm from Phenomenex (Tor-
rance, CA). The software used to operate the system and
analyze the data wasMasslynx. Peak integration was done
using the automatic feature for integrating the peak area.
Manual adjustments were done on integrations not cover-
ing the entire peak. The regression calibration curve used
linear fit.

The mobile phase was composed of MeOH + 0.1% FA
(eluent A), and water + 0.1% FA (eluent B). UPLC sep-
aration was achieved using a gradient of 20% eluent A
held for 3 min, then ramped to 90% eluent A for 2 min,
then equilibrated at 20% eluent A for 1 min. The flow rate
was 0.5 mL/min and the column was kept at 24°C. The
injection volumewas 5µL using the partial loopwith nee-
dle overfill feature. The samples were kept at 15°C in the
autosampler to ensure a stable temperature. The Xevo TQ
was operated in positive mode, the capillary voltage was
set at 3.5 kV, the source temperature at 150°C, the desol-
vation temperature at 500°C, the desolvation flow at 1000
L/hr, the collision gas flow at 0.15 mL/min, and the data
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Table . MRM parameters.

Substances MRM transition Cone (V) Collision energy (eV)

Perimidone –  
–  

d-perimidone –  
–  

were acquired in multiple reaction monitoring (MRM)
mode. The MRM transition and conditions used for per-
imidone and the internal standard d6-perimidone (ISTD)
are listed in Table 1 and were optimized by infusing solu-
tions of 100 µmol/L prepared in 25% water + 0.1% FA /
75% methanol + 0.1% FA at a flow rate of 10 µL/min.

Sample and standard preparation

The samples and standards were prepared as follows.
0.5mLofDMSOwith 50mMofDANwas transferred into
a LC-vial. 10 µL of d6-perimidone 10 µg/mL in methanol
was spiked in the aliquot as an internal standard (ISTD)
for a final concentration of 100 ng/mL. 0.48 mL of FA was
added to the LC vial and mixed. After 30 min, 10 µL of
acetone was spiked in the LC vial and mixed. The resid-
ual solution was injected by UPLC-MS/MS.

The perimidone primary solution was prepared by
weighing 10 mg in a 50-mL volumetric flask to which
50 mL of DMSO was added for a final concentration of
200µg/mL. The calibration standardswere prepared from
intermediate solutions at 1 µg/mL and 100 µg/mL. Seven
perimidone calibration points were used. The standards
were prepared in the same matrix as the samples at con-
centration levels of 0 ng/mL, 50 ng/mL, 100 ng/mL, 500
ng/mL, 1000 ng/mL, 1500 ng/mL, and 2000 ng/mL. The
ISTD was added to the calibration standards at the same
level as the samples.

Reactivity assessment ofMDI with DAN to produce
the primidone

To mimic the sampler conditions, 1 mL of 5 mM and
50mMDAN inDMSOwas divided into several test tubes.
Then 10µL of a solution 200µgMDI/mLACNwas added
to the DAN/DMSO solutions and mixed using a vortex
mixer. Following the addition of this solution, 20 µL of
acetone was added at regular time points to stop the reac-
tion between theMDImonomer and theDANupon reac-
tion between the acetone and the DAN. Time points of
1, 5, 10, 15, 30, and 60 min were used to document the
reaction rate. These time points were easy to conduct in
laboratory without overwhelming the person doing the
experiment. The perimidonewas then produced using the
protocol described in the previous section. All determina-
tions were done in duplicate.

Analytical performance evaluation

The reported limit of detection (LOD) and limit of quan-
titation (LOQ)were based on a signal-to-noise ratio (S/N)
of 3:1 and 10:1, respectively. The S/N was determined
from a spiked concentration which was 4–10 times the
estimated LOD. This spiked concentration was analyzed
10 times from 10 different aliquots. All the aliquots fol-
lowed the same sample preparation procedure as the
samples. Recovery and matrix effect were investigated
using replicates prepared in DMSO containing DAN and
compared with replicates prepared in pure DMSO. The
dynamic range, intra-day and inter-day precisions, and
accuracy were evaluated using the previously described
sample preparation procedure. The intra-day precision
was calculated from 6 separate measurements of 3 dif-
ferent concentrations in the desired dynamic range on a
single day. The inter-day precision was calculated from
3 different concentrations distributed over the entire
dynamic range and repeated 3 times for each measure-
ment by the same person, on the same instrument, but on
6 different days. The accuracy was evaluated by analyzing
separate measurements of known concentrations within
the dynamic range of the method, and quantified using
a standard curve. The solution used in the accuracy mea-
surement came from a different solution preparation than
the standard curve to ensure that the calibration solutions
were properly prepared and accurate.

Results and discussion

Laboratorymethod implementation and evaluation

Derivatization using DAN
MDI must be derivatized prior to analysis because this
chemical substance is highly reactive. Most methods for
isocyanate exposure evaluation use a reaction between
an amine and the isocyanate function to form a urea
derivate. DAN uses this reaction as well to stabilize the
isocyanate function during field sampling. However, the
unique aspect of the DAN method is that during sub-
sequent laboratory workup, an acid-catalyzed cyclization
reaction yields one molecule of perimidone for each iso-
cyanate group (see Figure 2). This reaction offers sev-
eral advantages for exposure evaluations targeting TRIG
rather than separatemonomer and oligomer species. Nev-
ertheless, even if the chemical scheme and rationale are
well established, the available analytical performances are
limited for this reaction. As a first attempt, the reaction
between the DAN (5 mM in DMSO) and the MDI was
evaluated, as shown in Figure 3. As can be seen in this fig-
ure, an instantaneous reaction with a recovery ∼80% is
obtained between the DAN and the MDI with maximal
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Figure . Rate of perimidone formation.

concentration reached after 1 min. Total recovery can be
improved by ∼10% when 50 mM of DAN is used rather
than 5mM (data not shown) probably due to the proxim-
ity of the molecules in the solution facilitating the reac-
tion. The chemical behavior has been judged adequate,
based on empirical criteria with a recovery>85%, to eval-
uate formal analytical parameters with the perimidone
formed.

Specificity and selectivity
The specificity and selectivity of the analytical method
rely on the chromatographic retention time of perimi-
done and on theMRM transition used. To cause analytical
interference, a substance must be present in the sample,
have the same retention time under the chromatographic
conditions used, and the same mass as the substances of
interest. Specificity and selectivity were tested by analyz-
ing several blank solutions. The general chromatogram is

crowded at low concentrations in all solutions contain-
ing the matrix and chromatographic interferences have
been observed for perimidone at concentrations below
25 ng/mL. However, high concentrations are expected for
the samples and no further clean-up is conducted as the
interference does not influence the expected concentra-
tions in the samples, as seen in Figure 4.

Recovery andmatrix effect
Perimidone spiked concentrations in DAN/DMSO were
compared to perimidone spike concentrations in pure
DMSO and total recovery 109% ± 13% was obtained
as shown in Table 2. This minimal matrix effect can be
explained by the chromatographic gradient used. The
chromatographic gradient minimizes the impact of DAN
artifact on the perimidone. Also, the use of a deuter-
ated internal standard helps to minimize the impact of
the matrix on the signal of the perimidone by correct-
ing for all variations occurring due to ionization effi-
ciency, injection volume difference and column devia-
tion, to name a few. The standard curves were prepared in
DAN/DMSO.

Carryover
A blank injection after the highest concentration of the
standard curve was conducted at each run to assess the
potential carryover.Nodetectable carryoverwas observed
throughout the analysis conducted.

Dynamic range, LOD/LOQ, precision, and accuracy
The overall analytical performances of the method are
presented in Table 3. The dynamic range was adjusted to

Figure . Representative chromatograms.
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Table . Recovery and matrix effect evaluation.

Concentration
(ng/mL)


n= 


n= 


n= 


n= 


n= 

Mean     
Spike in DAN/DMSOmatrix Standard deviation     

% CV % % % % %
Mean     

Spike in pure DMSO Standard deviation     
% CV % % % % %
% Recovery % % % % %

cover the range of interest with standards ranging from
50–2000 ng/mL, with R2 � 0.990. The estimated LOD
and LOQ are sufficient to meet expectations. The intra-
day and inter-day precisions are <4% for all the concen-
tration levels tested, showing robustness of the quantita-
tive data. The accuracy was within an appropriate range
of 98 ± 2% at a target level of 1000 ng/mL. The accu-
racy also stayed within appropriate ranges even with con-
centrations over the calibration curve. All these parame-
ters validated adequate implementation of the method as
ready to be applied in the analysis of actual field samples.

Air samplingwith DAN

The analytical parameters by UPLC-MS/MS were judged
suitable for conducting future field evaluations with the
DAN reagent. As the reaction has currently been evalu-
ated in solution, samplers such as an impinger or CIP10
can be considered for field evaluations. More work would
be needed to evaluate the DAN reagent for use in solvent-
free samplers such as filters. Comparative studies using a
sampling jar have been reported[19, 20] between impinger,
CIP10 and ASSET EZ4-NCO samplers for MDI sampling
using the MP derivatization reagent. This set-up is fully
appropriate for evaluating the DAN reagent and will be
considered in future evaluations of the DAN reagents in
samplers as well as real workplaces using MDI applica-
tions such as spray polyurethane foam and wood product
binders.

Table . Analytical parameters.

Estimated LOD (ng/mL) 
Estimated LOQ (ng/mL) 
Dynamic range (ng/mL) –
R >.
Intra-day precision (n= )  ng/mL %

 ng/mL %
 ng/mL %
Mean 4%

Inter-day precision (n= )  ng/mL %
 ng/mL %
 ng/mL %
Mean 4%

Accuracy (n= )  ng/mL %± %
 ng/mL %± %
 ng/mL %± %

Conclusion

A novel alternative for measuring TRIG from isocyanate
such as MDI has been implemented and evaluated. The
approach proposes the use of DAN reagent to stabilize
the MDI. Once stabilized in urea form in the sampler,
subsequent laboratory sample workup leads to the forma-
tion of a single perimidone per NCO function which is
analyzed by UPLC-MS/MS in positive ionization mode.
The analytical method has been shown to be useful and
reliable for the concentrations of interest. The method’s
performances in terms of dynamic range, intra/inter-day
precisions, accuracy, recovery, specificity, and carryover
have been fully evaluated and the analytical method was
judged ready for analysis of field samples. Current plans
are to use the DAN reagent in a sampler such as the CIP10
because the reaction is currently validated in solution.
Future comparative evaluations with a reference method
in simulated and real workplaces can be initiated to deter-
mine if the overall sampling approach is reliable.
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