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Gas chromatography–mass spectrometry analysis of trifluoroacetyl
derivatives of precursors of nitrogen and sulfur mustards

for verification of chemical weapons convention
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Abstract

Trifluoroacetylation reactions were optimized for gas chromatography–mass spectrometric (GC–MS) analysis of precursors of nitrogen
and sulfur mustards using newly developedN-trifluoroacetylbenzimidazole (TFABI) and knownN-trifluoroacetylimidazole (TFAI) andN-
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rifluoroacetylbenzotriazole (TFABT) reagents. TFAI and TFABI gave the best results in terms of yields and reaction time. Trifluo
erivatives showed clean total ion chromatograms in GC–MS analysis than trimethylsilyl (TMS) derivatives. The negative ion

onization analysis of these derivatives gave pseudo molecular weight information, with low limit of detection.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Development of analytical methods of chemical warfare
CWAs) and their related chemicals has gained importance
n light of verification program of chemical weapon conven-
ion (CWC) [1–4]. The CWC prohibits production, storage
nd use of CWAs[5]; by April 2004, the treaty has been en-
orsed by 164 countries. The Organization for the Prohibition
f Chemical Weapons (OPCW), seated in The Netherlands
nsures implementation of CWC by executing its strict verifi-
ation program[6]. Verification of CWC involves collection
nd analysis of samples from production, storage and sus-
ected sites during routine or challenge inspections. OPCW

nspectors perform on-site analysis of collected samples for
WAs and their degradation products. In case of any am-
iguity, the samples are sent to two designated laboratories
ppointed by OPCW for unequivocal identification of con-
ention related chemicals (CRCs)[3,7–11]. The convention
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related chemicals are annexed in the CWC text as Sch
1–3 chemicals[5,6,8]. The CRCs are categorized in th
schedules based on their potential use as CWAs or thei
cursors.

Nitrogen and sulfur mustards (NMs and SMs) are c
toxic, alkylating and blistering agents, and placed in Sche
1.4 and 1.6, respectively. Precursors of NMs and SMs
ethanolamines and 2-hydroxyethyl thioethers, respect
their structures are depicted inFig. 1.

These nitrogen mustard precursors (NMPs) and s
mustard precursors (SMPs) produce corresponding
mustards in a single step by nucleophilic substitution of
droxyl group by chlorine[12], as typically illustrated inFig. 2.

Hence, these NMPs and SMPs function as impo
markers of sulfur and nitrogen mustards. Therefore,
detection and identification in a sample submitted for
site analysis may imply past contamination with musta
It makes trace analysis of these compounds very impo
from verification point of view of CWC.

The trace analysis of CRCs can be achieved by em
ing various chromatographic and spectroscopic techn
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.10.039
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Fig. 1. Precursors of nitrogen and sulfur mustards.

such as gas chromatography coupled with mass spectrom-
etry (GC–MS) nuclear magnetic resonance (NMR) and liq-
uid chromatography coupled to mass spectrometry (LC–MS).
Amongst these techniques, GC–MS in electron and chemi-
cal ionization modes is the most sought after technique[7,8],
as it provides characteristic spectrum and molecular weight
information of analytes even at very low concentrations. The
requirement of GC–MS analysis is that the analyte should
possess sufficient volatility and thermal stability. Hence, po-
lar and non-volatile precursors and degradation products of
CWAs need derivatisation prior to GC–MS analysis. Because,
underivatized species are sufficiently nonvolatile therefore,
their GC–MS is either not feasible or difficult with poor sen-
sitivity.

Derivatisation facilitates chromatographic analysis by im-
parting required volatility to polar analytes[13]. Black and
Muir [14] have recently reviewed derivatisation reactions
of CWAs and their degradation products. These reactions
include methylation, trimethylsilylation,tert-butyldimethyl
silylation, pentafluorobenzylation and pentafluorobenzoyla-
tion. Recent trends in derivatisation involve conversion of
polar analytes into fluorinated derivatives as it enables detec-
tion by a very sensitive technique of negative ion chemical
ionization mass spectrometry (NICI-MS)[14,15].

The derivatization reactions of NMPs and SMPs for
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and alcoholic function bearing impurities (present in larger
amount), as silylation of acids and alcohols takes place with
equal efficiency. It results into masking of analyte peaks by
high background. Therefore use of derivatizing agent that re-
acts with only hydroxyl function, leaving carboxylic groups
can reduce background to a greater extent.

Another problem with silylating agents such asN,O-bis
(trimethylsilyl)trifluoroacetamide (BSTFA) andN-(tert-
butyldimethylsilyl)–N-methyl-trifluoroacetamide (MTB-
STFA) is that they themselves also give rise to additional
peaks in total ion chromatogram (TIC). These background
peaks can mask other important CRCs present in a given
sample. One more limitation of silylated derivatives is that
they can only be analyzed in positive mode by GC–MS,
where universal nature of electron ionization (EI) in positive
mode also gives several unwanted peaks in TIC. Whereas,
NICI-MS can be used to alleviate these problems, since it is
applicable only to elctrophilic molecules. It makes negative
ion chemical ionization (NICI) more sensitive and selective
for determination of small amounts of analytes.

Thus, it was very strongly desirable to find alternative pro-
cedures that would derivatize the hydroxyl functionality se-
lectively, thereby producing a ‘clean’ total ion chromatogram
in the EI mode while enhancing the limits of detection in the
NICI mode. For that reason, we explored trifluoroacetylation
o for-
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C–MS analysis involve their conversion into trimethy
yl (TMS) andtert-butyldimethylsilyl (TBDMS) ethers[14].
hese reactions are used by most of the laboratories inv

n off-site analysis and participating in OPCW proficie
ests[7–11]. The versatile nature of silylation is a drawba
or environmental samples like soil and water. Silylation
xtracted samples from these matrices leads to derivatiz
f analytes (present in trace level) together with carbox

Fig. 2. Formation of sulfur mustard from SMP1.
f precursor diols of NMs and SMs. To the best of our in
ation, no systematic trifluoroacetyl derivatization of NM
nd SMPs with their positive EI and NICI GC–MS analy

s reported.
In this communication, we are reporting trifluoroace

TFA) derivatives of NMPs and SMPs, which are found
e better than silyl derivatives for GC–MS analysis in EI
ICI mode. In EI mode, these TFA derivatives were dete
ith minimum background in TIC. We are also reporting
ptimized NICI conditions where we could achieve hig
ensitivity with pseudo molecular weight information.

Trifluoroacetylation can be performed by the use
ny of reagents like trifluoroacetic anhydride (TFAA),S-
thyl trifluorothioacetate (S-ETFA), ethyl trifluoroacetat
ETFA), 2-(trifluoroacetoxy)pyridine (TFAP), trifluoroace
riflate (TFAT) andN-(trifluoroacetoxy)succinimide (TFAS
16]. These trifluoroacetylating agents have disadvantag
erivatising agents. TFAA and TFAT produce strong acid

er reaction that can damage a gas chromatographic co
TFA and TFAP do not posses sufficient reactivity;S-ETFA
roduces interfering thiols; and TFAS is highly unstable[16].

For the present investigation, three reagents na
-trifluoroacetylimidazole (TFAI), N-trifluoroacetylben
imidazole (TFABI) and N-trifluoroacetylbenzotriazo
TFABT) were evaluated for trifluoroacetylation of NM
nd SMPs (Fig. 3). These reagents posses adequate rea

ty and do not produce acid after reaction; hence, they d
equire additional base for derivatization. TFAI is comm
ially available trifluoroacetylating agent[17], TFABI was
repared in our laboratory and TFABT was prepared a
orted by Katritzky[16].
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Fig. 3. The derivatizing reagents.

2. Experimental

2.1. Materials

N-Trifluoroacetylimidazole andN,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA) were obtained from Lan-
caster synthesis Inc., Windham, NH, USA.N-Methyl-
diethanolamine,N-ethyldiethanolamine, triethanolamine and
bis(2-hydroxyethyl)sulfide were obtained from Fluka
(Sigma–Aldrich, Powai, Mumbai, India). All other precur-
sors of sulfur mustards (SMP2–SMP7) were synthesized ac-
cording to an open literature procedure[18]. The products
were characterized by NMR, IR and MS analysis and de-
termined to be >96% pure. TFABI was prepared by treating
0.1 moles benzimidazole with 0.18 moles trifluoroacetic an-
hydride at 0–5◦C in absence of solvent. After keeping for
3 h at room temperature, the TFABI was extracted with dry
n-hexane. TFABT was prepared as per reported procedure
[16].

2.2. Derivatization procedure

Stock solutions of NMPs and SMPs were prepared in
dry acetonitrile (CH3CN) at the concentration of 1 mg/mL.
These solutions were diluted to 20�g/mL with dry CH CN
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2.3. GC–MS analysis

The GC–MS analyses were performed in EI mode (70 eV)
with an Agilent 6890 GC system, equipped with model 5973
mass selective detector (Agilent Technologies, USA). SGE
BPX5 fused silica capillary columns (30 m× 0.32 mm i.d.,
0.25�m film thickness) were employed for both EI and NICI
determinations. In both cases, the column oven temperature
was raised linearly from 50◦C (hold for 2 min) to 280◦C
(hold for 5 min) at 10◦C/min. Helium was used as carrier gas
at constant flow of 1.2 ml/min. The samples were analyzed in
splitless mode at injection temperature of 250◦C, EI source
temperature 230◦C and quadrupole analyzer at 150◦C.

GC–MS analysis in NICI mode was performed on an
Agilent 6890N GC system, equipped with model 5973N mass
selective detector (Agilent Technologies, USA). The samples
were analyzed in splitless mode at injection temperature of
250◦C, CI source temperature 150◦C, quadrupole analyzer
at 150◦C and ionization current at 235 eV. The methane was
used as buffer gas at a flow rate of 2 mL/min.

3. Results and discussion

Trifluoroacetylation reactions are typically illustrated in
Fig. 4with examples of SMPs. Unlike reactions with trifluo-
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n different sealed vials. Derivatisation involved carefu
dding measured quantities of 10% solutions of BST
FAI, TFABI and TFABT in dry acetonitrile to give fina
oncentration of 10�g/mL of analytes. Reactions were p
ormed at room temperature and/or heating blocks at d
nt temperatures for definite time. Reaction mixtures w
ooled and volume was adjusted to a definite value to m
ain the required concentration. Volumetric measurem
ere made by using Qualigens calibrated Qualipette,

ions were carried out in screw cap glass vials with PTFE
con septa (Supelco, Bellefonte, PA, USA). Derivatizati
id not include any extraction or clean-up procedures.

Fig. 4. Trifluoroacetylation of b
 droxyethylthio)alkane with TFAI.

oacetic anhydride, these reactions do not require addit
ase to drive the reaction to completion. Our first aim

o optimize the reaction conditions for trifluoroacetylati
f NMPs and SMPs with TFAI, TFABI and TFABT. Th
arameters that have been optimized were solvent, tim

emperature of reaction. To select the best solvent, reac
ere carried out in aprotic solvents of different polarity

oom temperature for 30 min. To optimize the reaction t
nd temperature, derivatizations were done with best so
uring optimization of reaction temperature, formation
ide products was also studied. Concentrations of NMP
MPs were kept approximately 10 ng/�L, and peak areas

rifluoroacetylated products were used for comparison
oses.

Various solvents tested for reactions weren-hexane,n-
eptane, dichloromethane, tetrahydrofuran (THF), die
ther and acetonitrile. With TFAI and TFABI the deriva
ations took place smoothly in all of the tested solve
FABT gave poor yields (less than 10%) in all of the solve
mongst these solventsn-heptane showed TIC without a
ackground. Even the bases (imidazole, benzimidazo
enzotriazole;Fig. 4) produced during reactions were n
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observed in TIC, which could be due to insolubility of these
bases inn-heptane. In all of the other solvents includingn-
hexane broad peaks of bases were observed with varying in-
tensities depending on their solubility. Hence,n-heptane was
selected as solvent of choice for these trifluoroacetylations.

In order to optimize the temperature and time, the reac-
tions were carried out at 15, 30 and 70◦C and analyzed at
different time intervals. The quantities produced with TFAI at
70◦C after heating for 4 h were taken as 100% conversion for
comparison purposes. The reactions were run in triplicate and
average value of peak areas of three runs were taken as yields;
relative standard deviations (R.S.D.) were within±3%. The
100% conversion took place with TFABI and TFAI within
5 min even at 15◦C. Further heating of NMPs and SMPs

with TFAI and TFABI for extended periods did not increase
the yields, which ensured the completion of reaction. Reac-
tions with TFABT were slower, even on heating the reaction
mixture for more than 120 min at 70◦C in various solvents
did not enhanced the amount of products. Reaction mixtures
were not heated beyond 70◦C as it could degrade other im-
portant CWC related analytes present in a given sample. Thus
for trifluoacetylations of SMPs and NMPs, TFAI and TFABI
are found to be best-suited derivatising reagents. Higher re-
activity of the imidazole ring (pKa 7.03) compare to that of
triazole (pKa 8.3) may be due to the lower basicity of former.
This lower basicity facilitated release of the ttrifluoroacetyl
group when attacked by the nucleophile, which was the hy-
droxyl functionality of the precursors.
Fig. 5. TIC of GC–EI-MS analysis of (a) TMS derivatives of NMPs (10�g/m
L) and (b) TFA derivatives of NMPs (10�g/mL) formed with TFAI.
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Fig. 6. TIC of GC–EI-MS analysis of (a) TMS derivatives of SMPs (10�g/mL) and (b) TFA derivatives of SMPs (10�g/mL) formed with TFAI.

3.1. Comparison of total ion chromatograms (TICs) in
GC–EI-MS analysis of silylated and trifluoroacetylated
derivatives

GC–EI-MS analysis of trimethylsilyl and TFA derivatives
of NMPs and SMPs are respectively shown inFigs. 5 and 6.
It is evident fromFig. 5a versusFig. 5b andFig. 6a versus
Fig. 6b that TICs of TFA derivatives had no background as
compared to TMS derivatives. The TMS derivatives showed
huge background of un-reacted BSTFA and side product tri-
fluoroacetamide. These background peaks can mask other
important analytes if present in a given sample. Whereas,
TIC of TFA derivatives is absolutely without any background
peaks, which is of particular importance for detection of
CWC related volatile analytes like pinacolyl alcohol (Sched-

Table 1
Negative ion chemical ionization (NICI) mass spectral data of TFA deriva-
tives of NMPs and SMPs

S. no. TFA derivatives m/zvalues (relative abundances)

[M+ CF3COO]− Fragment ions

1 NMP1 424 (24) 227 (5), 113 (100)
2 NMP2 438 (23) 227 (5), 113 (100)
3 NMP3 550 (21) 227 (43), 113 (100)
4 SMP1 427 (16) 227 (100), 113 (67)
5 SMP2 473 (25) 332 (4), 227 (4), 113 (100)
6 SMP3 487 (14) 227 (100), 113 (38)
7 SMP4 501 (20) 360 (4), 227 (6), 113 (100)
8 SMP5 515 (9) 374 (4), 227 (8), 113 (100)
9 SMP6 529 (2) 227 (21), 113 (100)

10 SMP7 531 (6) 227 (100), 113 (45)
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Table 2
Electron ionization mass spectral data of TFA derivatives of NMPs and SMPs

S. no. TFA derivatives m/zvalues (relative abundances)

[M]•+ Fragment ions

1 NMP1 311 (2) 198 (9), 184 (100), 141 (68), 113 (4), 69 (49), 42 (43)
2 NMP2 325 (2) 310 (4), 212 (10), 198 (100), 141 (55), 113 (4), 69 (49), 42 (26)
3 NMP3 437 (1) 324 (16), 310 (100), 141 (69), 113 (2), 69 (39), 42 (15)
4 SMP1 314 (2) 200 (31), 141 (91), 113 (9), 87 (73), 69 (100), 45 (40)
5 SMP2 360 (17) 246 (2), 219 (2), 187 (86), 141 (100), 113 (4), 69 (8), 47 (21)
6 SMP3 374 (11) 260 (3), 233 (5), 201 (50), 141 (100), 113 (5), 91 (7)
7 SMP4 388 (15) 274 (1), 247 (84), 215 (3), 187 (5), 141 (100), 100 (14), 69 (48)
8 SMP5 402 (10) 288 (2), 261 (52), 229 (19), 187 (30), 141 (100), 115 (21), 87 (3), 69 (59)
9 SMP6 416 (<1) 302 (4), 275 (12), 243 (17), 187 (19), 141 (58), 129 (21), 101 (37), 69 (100)

10 SMP7 – 304 (2), 277 (4), 244 (1), 201 (36), 141 (100), 113 (4), 87 (31), 69 (43), 45 (29)

ule 2B.14), phosphites (Schedule 3B.8-11) and several phos-
phonates (Schedule 2B.4), that elute in this region only. Thus,
if such early eluting volatile analytes are present along with
SMPs and NMPs these might get masked by the background

peaks of TMS derivatives; while with TFA derivatives no such
possibility exists. This aspect of trifluoroacetylation reactions
is of particular importance for proficiency testing and off-site
analysis. When spiked samples are spiked with volatile an-
Fig. 7. EI-MS of TFA derivatives
 of (a) NMP1 and (b) SMP2.
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alytes, trifluoroacetylation with the reported reaction condi-
tions would be advantageous because the derivatization re-
action added no background to TIC chromatogram.

3.2. Negative ion chemical ionization (NICI) analysis of
TFA derivatives

Due to electrophilic nature, the TFA derivatives were ex-
pected to impart higher sensitivity in NICI mode; and in-
deed, it was found to be so. The NICI conditions were
optimized with one example of NMPs and SMPs, to get
the quasi molecular ion and higher detection limit. The
optimized conditions were then subsequently applied to
all the other TFA derivatives. Optimization was performed
by observing pseudo molecular ion and signal intensity
of 10�g/mL solution of tris(trifluoroacetylethyl)amine and
bis(trifluoroacetylethylthio)ethane. For this, methane was
used as moderating gas and clues were taken from our earlier
work [15]. The NICI mass spectral data of TFA derivatives
are given inTable 1, which exhibited pseudo molecular ion
[M+ CF3COO]− with 227 [CF3COOHOOCCF3]− and 113
[CF3COO]− fragment ions.

The limit of detection (LOD) is an important parameter of
any developed analytical technique. The LOD of TFA deriva-
tives of NMPs and SMPs in EI with full scan mode was found
t es.
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Fig. 8. Genesis of prominent fragment ions in EI-MS of TFA derivatives of
SMP6.

derivatives. In addition, alpha-cleavage from sulfide linkages
could lead to formation of other typical fragment ions as
shown inFig. 8. The simple fragmentation pattern and oc-
currence of molecular ion in EI-MS is of great diagnostic
value for identification of these derivatives.

Similarly the EI-MS of TFA derivatives of NMPs can
also be explained by simple fragmentation routes. Molecu-
lar ions were observed with weak relative abundances. Three
prominent ions withm/zvalues of 42 ([CH2 N CH2]+), 69
([CF3]+) and 141 ([CF3COOC2H4]+) were present in all the
derivatives. The characteristic (beta-cleavage from molecu-

F s of
N

o be 5 ng, which is comparable to their TMS derivativ
he LOD in EI under selected ion monitoring was found
e 500 pg having signal-to-noise ratio of 10:1. The limi
etection of these derivatives in NICI full scan mode co
each down to 100 pg/�L with signal-to-noise ratio of 10:1

Since, ultimate goal of this investigation was to emp
hese derivatives and GC–MS analysis conditions durin
cial proficiency tests conducted by OPCW, where spi
evel of compounds is between 1 and 10�g [7–11]. This

ethod will prove valuable as it provided molecular we
nformation and characteristic spectra of TFA derivative
oncentrations of 0.1 and 0.5�g, respectively, which is muc
elow the spiking level.

.3. Electron ionization mass spectra (EI-MS) of TFA
erivatives of NMPs and SMPs

Electron ionization mass spectral data of TFA derivat
f NMPs and SMPs are given inTable 2. The EI-MS of repre
entative TFA derivatives of NMPs and SMPs are depict
ig. 7. The genesis for the formation of various fragment
re typically illustrated inFigs. 8 and 9. The fragmentatio
ode is illustrated by taking one example of each cate
y same analogy the mass spectra of all other compound
lso be explained. Straight forward fragmentation routes

ustify formation of most of the ions. Molecular ion was o
erved in all the TFA derivatives of SMPs except SMP7.
ons ofm/z value 69 ([CF3]+) and 141 ([CF3COOC2H4]+)
ith high relative abundances were present in all the de

ives. Loss of trifluoroacetic acid from molecular ion its
M-114) was characteristic fragmentation observed in a
ig. 9. Genesis of prominent fragment ions in EI-MS of TFA derivative
MP3.
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lar ion produced [M–CF3OCOCH2]+ ion with 100% relative
abundance. Fragmentation routes of these derivatives are pro-
posed inFig. 9 taking tris(trifluoroacetoxyethyl) amine as
typical example.

4. Conclusion

Precursors of nitrogen and sulfur mustards are important
markers of these toxic chemical warfare agents, hence their
detection and identification is of high importance from ver-
ification point of view of CWC. Derivatisation of polar an-
alytes is a prerequisite for their GC–MS analysis, and being
polar compounds these precursors also require derivatisation.
Trifluoroacetylation of NMPs and SMPs was efficiently per-
formed with reagents namely trifluoroacetylimidazole and
trifluoroacetylbenzimidazole. Both the reagents efficiently
derivatized these precursors. The TFABI is a new reagent
tested by us that derivatized the NMPs and SMPs within
the 5 min without heating. Derivatization conditions were
optimized in such a way that afforded clean TICs for TFA
derivatives. EI-MS of these derivatives were very simple and
showed molecular ions. In NICI the pseudo molecular ions
were observed with low limit of detection.
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